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Abstract 
Maintenance is a combination of multilateral and cross-functional activities 
and processes. Maintenance processes are identified in both strategic manage-
ment and operation systems. Managers, engineers, technicians and operators 
collaboratively contribute in conducting and performing preventive or correc-
tive maintenance activities. Maintenance management is to provide the long-
term business strategy that ensures capacity of the production, quality of the 
product, and the best life cycle cost. It is a decision-making activity which has 
been highly correlated with expertise of maintenance staff and their own prac-
tical experience. Maintenance management intends not only to keep the de-
sired performance of machinery, but to continuously improve quality and cost 
effectiveness of the pertained processes. Maintenance cost management 
(MCM), consisting of cost planning, monitoring and controlling, thereby is an 
essential part of the sustainable and efficient maintenance management system. 
MCM is determined as a knowledge-centered and experience-driven process 
where exploiting existing knowledge and generating new knowledge strongly 
influences every instance of cost planning. Taking into account the dynamics 
of knowledge assets, an interdisciplinary research raises practical implications 
in the domain of maintenance.    
The key aspect of the present work is learning from past experiences for con-
tinuous improvement of the maintenance cost planning and controlling. Learn-
ing in MCM is an evolutionary and iterative process through which a chief 
maintenance officer (CMO) compounds and deepens his/her knowledge. CMO 
analyzes former experiences gained in the past maintenance planning periods, 
identifies facts or artifacts (i.e. evidence for improving the planning process), 
and finally enhances planning of the upcoming events by applying the lessons 
learned. 
This work principally constitutes a model, Costprove, for meta-analysis of 
maintenance knowledge assets. The knowledge assets are articulated, repre-
sented, and stored in repositories (i.e. explicit knowledge), or remain with (a 
group of) individuals and need to be extracted, documented, and validated (i.e. 
implicit knowledge). Meta-analysis is a set of methods for discovering the 
strength of the relation between certain predefined entities. It provides evi-
dence for decision-makers (e.g. CMO) to discover hidden improvement poten-
tials in cost planning, and incrementally attain desired company objectives. 
The main focus of this work is to establish a mathematical meta-analysis for (i) 
identifying the relation between cost figures (planned, unplanned and total 
cost), and operation parameter (number of maintenance activities), and (ii) 
trading-off between planned and unplanned cost. Hence, the model deploys an 
economic approach for identifying desired cost figures in every planning peri-
od, and ultimately defining operation-related parameters. 
Anticipating the trend of the fourth industrial revolution, the foremost result of 
this thesis is the development of an integrated and practice-oriented 
knowledge-based approach to maintenance cost planning and controlling.  
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Zusammenfassung 
Instandhaltung ist eine Kombination aus multilateralen und bereichsübergreifenden 
Aktivitäten und Prozessen. Instandhaltungsprozesse bestehen sowohl aus strateg-
ischem Management als auch aus operativen Systemen. Manager, Ingenieure, 
Techniker und Anwender leisten gemeinsam Beiträge zur Administration und Durchf-
ührung präventiver oder wiederherstellender Instandhaltungsaktivitäten. Das Instand-
haltungsmanagement dient dazu, für die langfristige Unternehmensstrategie zu sor-
gen, die die Produktionskapazitäten, die Produktqualität und die niedrigsten Lebens-
zykluskosten gewährleistet. Es handelt sich um eine Funktion der Entscheid-
ungsfindung, die hochgradig mit der Expertise der Instandhaltungsmitarbeiter und 
ihren eigenen praktischen Erfahrungen verbunden ist. Das Instandhaltungsmanag-
ement sorgt nicht nur dafür, die gewünschte Leistungsfähigkeit des Maschinenparks 
zu gewährleisten, sondern verbessert kontinuierlich die Qualität und Kosteneffek-
tivität der betreffenden Prozesse. Das Instandhaltungskosten-management (MCM), 
bestehend aus Kostenplanung, -überwachung und -steuerung, ist somit ein wesent-
licher Bestandteil eines nachhaltigen und effizienten Instandhaltungsmanagementsy-
stems. MCM ist als wissenszentrierter und erfahrungsgetriebener Prozess zu verst-
ehen, bei dem die Nutzung vorhandenen und die Generierung neuen Wissens jedes 
Element der Kostenplanung maßgeblich beeinflusst. Unter Einbeziehung der Dynam-
ik der Wissensbestände erhöht ein interdisziplinärer Forschungsansatz die praktische 
Relevanz im Bereich der Instandhaltung. 
Der Schlüsselaspekt der vorliegenden Arbeit ist „aus Erfahrungen lernen“ mit dem 
Ziel einer kontinuierlichen Verbesserung der Instandhaltungskostenplanung und -
kontrolle. Lernen im Instandhaltungskostenmanagement ist ein evolutionärer und 
iterativer Prozess, durch den der „Chief Maintenance Officer“ (CMO) sein Wissen 
verknüpft und vertieft. Der CMO analysiert bisherige Erkenntnisse, die in den vergan-
genen Planungsperioden erworben wurden, identifiziert Fakten oder Hypothesen (z.B. 
Bestätigungen für die Verbesserung des Planungsprozesses) und verbessert schließl-
ich die Planung des zukünftigen Geschehens durch die Umsetzung des Erlernten.  
In dieser Arbeit wird insbesondere ein Modell, Costprove, für die Meta-Analyse von 
Instandhaltungswissen entwickelt. Die Wissensbestände sind artikuliert, dargestellt 
und abgespeichert (explizites Wissen) oder befinden sich bei Personen und müssen 
extrahiert, dokumentiert und validiert werden (impliziertes Wissen). Meta-Analyse ist 
ein Methodenpaket zur Entdeckung der Stärke der Beziehung zwischen bestimmten 
vordefinierten Objekten. Es liefert den Entscheidern (z.B. CMO) Hinweise, verdeckte 
Verbesserungspotentiale bei der Kostenplanung zu finden und schrittweise die gestec-
kten Unternehmensziele zu erreichen. Der Hauptfokus dieser Arbeit liegt darauf, eine 
mathematische Meta-Analyse zu erzeugen, die 1. das Verhältnis zwischen den 
Kostenarten (geplante, ungeplante, gesamte Kosten) und den Handlungsparametern 
(Zahl der Instandhaltungsaktivitäten) identifiziert und 2. geplante und ungeplante 
Kosten optimiert. So stellt das Modell einen wirtschaftlichen Ansatz zur Identifizi-
erung der gewünschten Kostengrößen in jeder Planungsperiode bereit und definiert 
abschließend die damit zusammenhängenden operativen Parameter.  
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Den Trend der vierten industriellen Revolution vorwegnehmend, besteht das Haup-
tergebnis dieser Dissertation in der Entwicklung eines integrierten und anwendbaren 
wissensbasierten Ansatzes zur Instandhaltungskostenplanung und -kontrolle. 
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Introduction 
 
 
In today’s industry, maintenance is an integral part of the production strategy subject 
to periodic, predictive, and corrective maintenance (CM) of the machineries, 
equipment and physical assets. The German Machine Tool Builders’ Association 
(VDW)1 reported the annual cost of more than €12 billion for installation, repair and 
maintenance of machine tools (VDW, 2012). In typical manufacturing companies, 
maintenance costs are between 15% and 40% of the total cost of production 
(Wireman, 2014). The potential to reduce or optimize maintenance cost is about 10-
20%; including the material and labor cost (Pawellek, 2013).  Effective cost saving 
and controlling ultimately influences economy of production and profit. The studies 
confirmed that reducing maintenance cost by between 3.5-16%, while keeping 
production costs the same, leads to an increase in pre-tax profits of between 2.8-14% 
(Wireman, 2014). So management (i.e. planning, monitoring and controlling) of 
budget and expenditures is essential for the overall success of companies. According 
to (DIN, 2010-12), maintenance cost management (MCM) should be seen from both 
operational and strategic perspectives. The participants of the cost management 
program are not only limited to labor and engineers, but also senior managers and 
chief engineers (i.e. chief maintenance officer (CMO), chief maintenance engineer 
(CME), plant manager) and top management of the company are responsible.  
To respond to the demand on improving cost effectiveness and efficiency of 
maintenance, management concepts and systems such as total productive maintenance 
(TPM), reliability centered maintenance (RCM), total life cycle cost strategy (TLC) 
and lean maintenance have been established. Such efforts intend to develop, 
implement and utilize comprehensive maintenance programs in both operational and 
strategic level as well as maintenance management information systems.  
Despite the advantages, maintenance management concepts mainly deal with 
conducting work orders, planning, and monitoring associated cost and required 
budget using classic methods of accounting. Literature of maintenance includes 
several sophisticated models formulated by the researchers for improving cost 
management process. Surely the impact and importance of such models should be 
acknowledged. However, continuous improvement of MCM is tailored to the use of 
knowledge assets of the maintenance. In particular, maintenance management systems 
and processes are knowledge-driven. They use, produce, and store knowledge. 
Explicit knowledge is stored in repositories as documented entities. Maintenance 
practitioners hold implicit knowledge as hard/soft competencies, skills, and 
experiences which are in a different quality level based on intelligence and creativity 
of (group of) individuals. These explicit or implicit types of knowledge are the main 
intellectual capital of organizations. 
                                                          
 
 
 
 
1Verein Deutscher Werkzeugmaschinenfabriken (VDW). 
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The goal of this dissertation is to integrate knowledge-based approaches for continu-
continuous improvement of maintenance cost controlling. Specifically, the key aspect 
is to learn from the experiences of the past cost planning period () and accordingly 
improve the forthcoming maintenance event ( + 1). The meta-analysis is used to 
identify the strength of the relation between cost and operation parameters for 
planning maintenance activities. The cost parameters are defined as planned, 
unplanned and total cost and the operation parameter is the number of maintenance 
activities. Planning starts with defining the cost parameters based on analysis of past 
experiences (i.e. historical records and reports of former planning periods) and 
consideration of a company’s goal (i.e. budget). It follows by calculating the 
minimum of total cost, and finally defining optimum number of maintenance 
activities. In the controlling phase, attainment of the predefined goals is examined 
through an analysis of deviation between actual and desired values. This leads to the 
identification of facts or artifacts that should be further explored for improving the 
upcoming planning period ( + 1). Therefore the entire planning-monitoring and 
controlling activities should be seen as a learning process. To reach this goal, a novel 
model, Costprove2 is constituted through an interdisciplinary research. The results are 
reflected in four chapters.       
Chapter 1 surveys the state of the art in MCM. It discusses definitions and basics 
such as maintenance management concepts, and maintenance cost planning and 
controlling, including budget management, maintenance organization and knowledge 
assets. The extensive literature review and morphological analysis examine cost 
models which appeared in the literature of maintenance, especially in the domain of 
production systems and physical assets. The findings of the literature survey establish 
the characteristics of Costprove model.  
Chapter 2 discusses the development of Costprove, first the mathematical reference 
model and second the quantitative model, including guidelines and algorithm for 
applying Costprove. The model is studied in a use-case application.  
Chapter 3 presents the results for the implementation and realization of the 
Costprove Toolbox.  First, a review on features, functionalities and constraints of a 
computerized maintenance management information system (CMMIS) is given. It 
includes study of commercial software packages. Second, the Costprove is verified 
through needs analysis with maintenance professionals. Third, the Costprove Toolbox 
is designed and finally the prototypes are presented.  
Chapter 4 summarizes the key findings of the dissertation, examines open issues and 
foresees potentials for future research. 
Figure 1 visualizes the structure of the dissertation and relations between chapters and 
sections.  
                                                          
 
 
 
 
2Two-level maintenance cost controlling system for continuous learning and improvement in 
MCM. 
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1 State of the Art in Maintenance Cost Management (MCM) 
1.1 Maintenance Management Concepts: Definitions and Basics 
Maintenance is a combination of technical, administrative and management activities 
including supervision actions for keeping a desired functional status of an observation 
unit during its life cycle (DIN, 2010-12). Maintenance actions are therefore intended 
to retain an observation unit (entity) in, or restore it to a required functional state 
(Rausand, et al., 2003), (IEC, 1990). An observation unit may refer to any component, 
equipment, subsystem or in a broader perspective any functional unit, resource or 
system (Strunz, 2012), (DIN, 2010-12). 
The desired functional status is defined using standard measures, especially 
Availability3 (Rausand, et al., 2003), (Dhillon, 2002). Availability is “the ability of an 
item […] to perform its required function at a stated instant of time or over a stated 
period of time” (BS, 1991 (Confirmed on 2012)), (Rausand, et al., 2003). It is a 
function of (a) inherent reliability, (b) maintainability, and (c) maintenance support 
(Rausand, et al., 2003).  
Reliability is “the probability that an item will perform its stated mission 
satisfactorily for the given time period when used under the specified conditions” 
(Dhillon, 2002). To comply with desired reliability, engineering expertise should be 
applied to identify and manage risk factors (Mobley, 2008).  
Maintainability is “the ability of the item, under stated conditions of use, to be 
retained in, or restored to, a state in which it can perform its required functions, when 
maintenance is performed under stated conditions and using prescribed procedures 
and resources” (BS, 1991 (Confirmed on 2012)), (Rausand, et al., 2003). 
Maintainability of an item is a design parameter. It is aimed to “reduce repair time, as 
opposed to maintenance, which is the act of repairing or servicing an item or 
equipment” (Rausand, et al., 2003), (Dhillon, 2002), (Smith, et al., 1973). 
Maintenance support depends on availability as well as quality of several influential 
factors such as tools, spare parts, skill and expertise of maintenance personnel, and 
technology support, including information technology (Pawellek, 2013), (Strunz, 
2012), (Mobley, 2008). 
The fundamental background and mathematical representation corresponding to 
availability, reliability and maintainability is discussed by several authors like 
(Pfeifer, 2002), (Dhillon, 2002), (Rausand, et al., 2003), (Jardine, et al., 2005), 
(Mitchell, 2006), (Wang, et al., 2006), (Mobley, 2008), (Ben-Daya, et al., 2009). 
Maintenance activities/tasks are classified in different ways in the literature. The most 
common classifications are based on occurrence of failure. As shown in Figure 2, the 
                                                          
 
 
 
 
3
 It is also addressed as “Dependability” by some authors and standards (Rausand, et al., 2003).  
 5         Meta-analysis of Knowledge Assets for Continuous Improvement of Maintenance Cost Controlling 
 
 
 
 
 
 
 
 
 
major types of maintenance are Preventive Maintenance (PM) and Corrective 
Maintenance (CM)4. 
Maintenance
Preventive Corrective
Periodic Predictive Repair Compensate
Proactive
Condition 
Monitoring
 
 
Fig.2. Types of maintenance – Adopted by the author from the content of (Rausand, et al., 
2003). 
PM is all maintenance actions carried out on a basis of planned, periodic, specific 
schedule, proactive or predictive to keep an item/equipment in stated/desired working 
condition through the process of checking, monitoring and reconditioning. 
Particularly the sub-tasks of PM can be categorized as periodic or predictive (Gross, 
2006), (Ben-Daya, et al., 2009). 
Periodic maintenance is related to Age-based or Clock-based maintenance activities 
(Rausand, et al., 2003). The former refers to “the tasks that are carried out at a specific 
age of the item” (Rausand, et al., 2003). In this case, age is measured, for example, on 
the basis of time in operation (Rausand, et al., 2003).The latter concerns with the tasks 
carried out on the basis of schedules at predefined calendar times (Rausand, et al., 
2003).  
Predictive maintenance deals with “measurement of one or more condition variables 
of the item” (Rausand, et al., 2003). Therefore, it is also called as Condition-based 
                                                          
 
 
 
 
4
 This is a mutual classification pointed out by several authors such as, but not limited to, 
(Dhillon, 2002), (Rausand, et al., 2003), (Jardine, et al., 2005), (Gross, 2006), (Mobley, 
2008), (Ben-Daya, et al., 2009).  
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maintenance by several authors such as (Rausand, et al., 2003), (Mobley, 2008), 
(Veldman, et al., 2011a), (Veldman, et al., 2011b), and (Prajapati, et al., 2012).  
Predictive maintenance “uses regular evaluation of the actual operating condition of 
plant equipment, production systems, and plant management functions to optimize 
total plant operation” (Mobley, 2008). It takes a life cycle perspective with regards to 
maintenance. In this context, “maintenance is initiated when a condition variable 
approaches or passes a threshold value” (Rausand, et al., 2003). Examples of 
condition variables are vibration, temperature, etc. The monitoring is applied through 
using sensors and condition-monitoring systems (Marwala, 2012), inspection, 
test/analysis on the basis of continuous or regular intervals (DIN, 2010-12), (Rausand, 
et al., 2003). 
Besides, Proactive maintenance enhances PM deploying failure root-cause analysis. 
It is intended to gather feedback and accordingly improve design, workmanship, 
installation, scheduling, and maintenance procedures, i.e. continuous improvement of 
maintenance programs. In addition, it applies periodical and regular “evaluation of the 
technical content and performance interval of maintenance tasks” (Dhillon, 2002).  
In sum, PM is employed to: 
(a) Forestall and reduce the probability of the failure (Rausand, et al., 2003).  
(b) Regulate unacceptable degradation level of the observation unit in the 
forthcoming service (Dhillon, 2002). 
(c) Optimize planned maintenance actions, i.e. time and cost-effective 
maintenance (Mobley, 2008). 
(d) Eliminate unplanned maintenance actions, i.e. the requirement for unplanned 
repairs of an observation unit, and associated costs (Mobley, 2008).  
Hence PM processes collect data, especially corresponding equipment effectiveness, 
reliability, maintainability, and operating costs (Mobley, 2008). 
CM is carried out after the occurrence of a failure or recognizing the deficiency of an 
item/equipment (Dhillon, 2002), (Rausand, et al., 2003), (Mobley, 2008). The target is 
to shortly bring the observation unit (item/equipment) back into functioning/defined 
state (Dhillon, 2002), (Rausand, et al., 2003). It is also called Breakdown 
maintenance or Run-to-failure maintenance (Rausand, et al., 2003). CM tasks can 
be classified into two major categories as repair and compensating (cf. Figure 2).  
Repair refers to set of activities which are selectively carried out, depending on 
suitability, to restore a failed item to its operational/defined state. These activities can 
be demarcated as (Dhillon, 2002): 
(a) Replacement of a redundant item 
(b) Salvage i.e. disposal of non-repairable materials 
(c) Rebuild i.e. complete disassembly, checking, repair and re-assembly of 
defected item 
(d) Overhaul i.e. inspect and repair only as appropriate  
(e) Servicing e.g. refilling of a repaired crankcase 
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Compensating is to switch the failed item in a redundant item or standby unit with a 
viable replacement or working alternative, and consequently adjust the effect of the 
failure for a limited time (Rausand, et al., 2003).  
Quality of PM or CM tasks/activities is evaluated as perfect, minimal, imperfect, 
worse or worst, based on the restoration degree of the failed item (Wang, et al., 2006). 
The aforementioned expressions are defined as (Wang, et al., 2006): 
(1) Perfect repair/maintenance → Restore a system to operating condition ‘as 
good as new’ (system). 
(2) (Physical) Minimal repair → Restore a system to the state before the 
occurrence of failure (same failure rate). 
(3) Imperfect repair/maintenance → Restore a system ‘not as good as new 
but younger’ (system). 
(4) Worse repair/maintenance →Restore a system which inadvertently 
(accidentally) causes higher failure rate or decreases the life span. 
(5) Worst repair/maintenance→ Attempts to restore a system which 
inadvertently (accidentally) makes the system fail or break down. 
In the hierarchical perspective of maintenance organization, activities/tasks are 
classified as first operational, and second strategic. The former refers to Maintenance 
Engineering (MaE), and the latter to Maintenance Management (MaM). MaE is 
defined as “a staff function whose prime responsibility is to ensure that maintenance 
techniques are effective, equipment is designed and modified to improve 
maintainability, ongoing maintenance’s technical problems are investigated, and 
appropriate corrective and improvement actions are taken” (Mobley, 2008). So the 
objectives of MaE include: 
(1) “Improve maintenance operation,  
(2) Reduce the amount and frequency of maintenance,  
(3) Reduce the effect of complexity,  
(4) Reduce the maintenance skills required,  
(5) Reduce the amount of supply support, and  
(6) Improve and ensure maximum utilization of maintenance facilities” (Dhillon, 
2002), (Wang, et al., 2006). 
Maintenance engineers are basically trained as physical scientists, and thus they need 
to be further trained to empirically analyze the problems and apply decision-making 
procedures (Fei, 2008). The quality of decisions is directly influenced by:  
(1) “Clear definition of alternatives,  
(2) Identification of aspects common to all alternatives (which then become 
irrelevant),  
(3) Establishing appropriate viewpoint and decision criteria, and  
(4) Considering consequences and their measurability” (Fei, 2008). 
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MaM is to provide the long-term business strategy that “ensures production capacity, 
product quality, and [the] best life cycle cost” (Mobley, 2008). It is a decision-making 
activity which has been highly correlated with expertise of maintenance staff and their 
own practical experience. Taking into account a large number of decision criteria and 
preferences, it is vital to choose the “best” strategy at the “best” possible time and 
“optimum” cost. Hence, the main objectives of MaM are provision of: 
(1) Leadership and management 
(2) Single point accountability, i.e. clear definition of the responsibilities of 
maintenance workers and related interactions 
(3) Knowledge asset management, i.e. required technical expertise, know-how 
and related technologies as well as skills and competency of maintenance 
personnel 
(4) Risk management 
(5) Life cycle asset management 
(6) Life cycle cost and budget management 
The ultimate goal is to “achieve and sustain optimum reliability, maintainability, 
useful life, and life cycle cost for a facility’s asset, as well as its processes” (Mobley, 
2008). 
In this dissertation, the main focus is on MaM and bilateral implications of MaM and 
MaE. In particular the concentration is on managing and controlling of the 
maintenance cost of production machines/equipment, using maintenance knowledge 
assets. The goal is to provide evidence for consistent decision-making on effective 
costing and allocation of budget. In the text, the strategic body of maintenance is 
referred to MaM and the operational to MaE. 
In the literature of MaM several management concepts can be detected, particularly 
TPM, RCM, TLC, lean maintenance, and knowledge-based maintenance (Pawellek, 
2013).  
TPM5 is “a comprehensive, life cycle approach, to equipment management that 
minimizes equipment failures, production defects, and accidents. It involves everyone 
in the organization, from top level management to production mechanics, and 
production support groups to outside suppliers” (Mobley, 2008). The main objective 
of TPM is to “continuously improve the availability and prevent the degradation of 
equipment to achieve maximum effectiveness” (Mobley, 2008). In this way, the 
strong engagement and support of management and maintenance workers is required, 
especially to guarantee the attainment of the incremental improvement (Mobley, 
                                                          
 
 
 
 
5
 The concept of TPM and its barriers are discussed by several authors such as (Nakajima, 
1988), (Suzuki, 1992a), (Suzuki, 1992b), (Dhillon, 2002), (Rausand, et al., 2003), (Wireman, 
2004), (Kelly, 2006), (Ahuja, et al., 2008), (Mobley, 2008), (Ben-Daya, et al., 2009), (Attri, 
et al., 2012) and (Pawellek, 2013). 
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2008). TPM involves all departments associated with or benefitted from, namely 
maintenance, operations, plant/site management, design, engineering, project 
management, construction engineering, inventory and stores, purchasing, accounting 
and finance (Wireman, 2004). Considering different organizational structure (work 
breakdown), the aforementioned associated departments and beneficiaries may differ. 
Proper implementation of TPM results in improvement of equipment and maintenance 
effectiveness, early stage PM, training knowledgeable maintenance workers, and 
involving operators in routine maintenance (Wireman, 2004), (Pawellek, 2013). 
TPM was created in the early 1970s in Japanese manufacturing companies, primarily 
Toyota-based companies (Nakajima, 1988), (Kelly, 2006), (Pawellek, 2013). It was 
established in response to the needs of total quality management (TQM) and just-in-
time manufacturing (JIT) (Kelly, 2006). The first concept of TPM was given by 
Suzuki (Suzuki, 1992a), (Suzuki, 1992b). Later TPM was developed and implemented 
in England, United States and the European states (Kelly, 2006), (Pawellek, 2013). In 
Germany, it took until the 1990s, when single companies implemented productivity-
based maintenance (Röben, 1997), (Barlage, 2005), (Pawellek, 2013). Since 2000, the 
sustainability requirements/goals have raised new demands for maintenance, 
particularly in the area of asset management. The life cycle perspective to 
maintenance is highly recognized, for example, in terms of selection of 
maintenance/repair-friendly machines (Martens, et al., 2005), (Pawellek, 2013).  
RCM6 is “a systematic consideration of system functions, the way functions can fail, 
and a priority-based consideration of safety and economics that identifies applicable 
and effective PM tasks” (Crellin, et al., 1988), (Rausand, et al., 2003). Its objective is 
“to ensure that any physical facility is able to continuously meet its designed 
functions in its current operating context” (McKenna, et al., 1997), (Dhillon, 2002). 
RCM includes PM (i.e. periodic, proactive and predictive maintenance) and CM (i.e. 
run-to-failure maintenance and fix-when-fail) (Dhillon, 2002), (Mobley, 2008).  
The concept was developed and implemented in the 1970s, mainly in the aircraft 
industry, the military forces, the offshore oil and gas industry, and later in many other 
industries (Rausand, et al., 2003), (Dhillon, 2002). In comparison with TPM, RCM 
has better shaped and structured, i.e. “the literature presents TPM as more of an 
amorphous concept than RCM” (Hipkina, et al., 2000). Coexistence of RCM and 
TPM is advantageous, i.e. implementing RCM within the framework of TPM (Ben-
Daya, 2000), (Ahuja, et al., 2008). The reason is underlying considerable effect of 
RCM on overall efficiency and enhancement of PM. “RCM offers a sound framework 
for optimizing the maintenance effort and getting the maximum out of the resources 
committed to the PM program” (Ben-Daya, 2000). 
                                                          
 
 
 
 
6
 The fundamental aspects of RCM concept and its constraints are described and elaborated by 
several authors such as (Nowlan, et al., 1978), (Crellin, et al., 1988), (McKenna, et al., 1997), 
(Dhillon, 2002), (Rausand, et al., 2003), (Mobley, 2008), (Ben-Daya, et al., 2009), and 
(Pawellek, 2013). 
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TLC is a comprehensive concept to MaM particularly for planning and monitoring 
maintenance cost of the plant (Pawellek, 2013). It takes into account the 
maintenance/service cost associated with the asset life cycle (Pawellek, 2013). The 
objective is to eliminate the gap between determination/estimation of ownership cost 
and actual expenditures through the asset life cycle (Röben, 1998), (Pawellek, 2013). 
Thus, it considers all associated life cycle costs such as cost of 
engineering/construction, operation, maintenance, production, and disposal.  
In this context, business-centered maintenance (BCM) approach is noticeable. 
BCM is “ a framework of guidelines for deciding maintenance objectives, formulating 
equipment life plans and plant maintenance schedules (Maintenance Planning), 
designing the maintenance organization (Maintenance Doing) and setting up 
appropriate systems of documentation and control (Maintenance Control)” (Kelly, 
2006). As shown in Figure 3, BCM consists of the basic steps of the management 
process. It is concerned with (1) managerial endeavors for understanding each 
function of maintenance (e.g. cost management), (2) determination of objectives, (3) 
establishment of plans to achieve the objectives, (4) building an organization to carry 
out the plan, and (5) analysis of feedback (Kelly, 2006). The steps are applied 
iteratively to comply with desired objectives. In particular, the process is initiated and 
developed in steps 1-4. Afterwards, feedback should be gathered to check whether the 
plan and organization are meeting the objectives and to detect improvement potential 
(Kelly, 2006).  
 
Understanding 
the function
Determination 
of objective
Establishing a plan to 
achieve the objective
Building organization 
to carry out the plan
Setting up control systems to 
check if the plan and 
organization are meeting the 
objectives and to correct if 
necessary
 
 
Fig.3. Basic steps of the management process in BCM- sketched by the author from the original 
source (Kelly, 2006). 
 
Lean maintenance is a part of the lean management philosophy (Nicholas, 2011), 
(Pawellek, 2013). The characteristics of lean management are reflected in the concept 
of "Lean Maintenance" (Pawellek, 2013). Lean management is based on a premise 
that the survival and the success of a company/organization depend on “its ability to 
continuously improve its product and services to meet and exceed customer demands” 
(Nicholas, 2011). Otherwise the company is limited in its flexibility and cannot react 
quickly enough to a rising of product variety and market change conditions requested 
by the customer (Pawellek, 2013). The lean management is derived from the concept 
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of continuous improvement (Nicholas, 2011), and the Kaizen theory of incremental 
improvement (Imai, 2002). The measure to achieve continuous improvement is to 
produce and manage things better, faster, cheaper and with more agility (Nicholas, 
2011). This implies the need for flattening hierarchies and a process-oriented 
alignment of all business activities (Pawellek, 2013). Maintenance, as a business-
centered activity, is highly concerned and influenced by lean management philosophy. 
In particular, lean maintenance reallocates work orders and breaks down the 
maintenance activities (Pawellek, 2013). For example, integrating maintenance 
activities in the area of production can eliminate maintenance cost, especially when 
the operators can handle routine maintenance and take the responsibility of their 
machines (Pawellek, 2013). This can be applied to asset management as well. The 
alignment to lean maintenance should be sustained through appropriate training and 
organization of the staff (Pawellek, 2013).   
Knowledge-based maintenance assumes that competitive advantages for reducing 
maintenance cost is achieved through holistic consideration, rather than atomistic, of 
all influential components and gaining knowledge of maintenance (Sturm, 2001), 
(Reiner, et al., 2005), (Pawellek, 2013). It takes into account long-term effects of 
maintenance policies and decisions on economic terms (Pawellek, 2013). So the 
major focus is on analyzing maintenance as a non-isolated sub-domain which 
influences on organizational value creation (Pawellek, 2013). The further objective is 
to develop a rough (generic) concept for the optimization of maintenance (Pawellek, 
2013). In this model, maintenance knowledge is created through comprehensive 
consideration of maintenance consequences, system condition, and organization / 
processes (Sturm, et al., 2001), (Pawellek, 2013). These processes distinctively gather 
operational knowledge (i.e. the combination of data and information such as reports in 
databases). The acquired knowledge is then transmitted to three areas that provide 
overall strategies of maintenance (i.e. risk-based maintenance, condition/time-based 
maintenance, and TPM and lean maintenance). All the outcomes are considered in a 
unified way (Pawellek, 2013).  
Maintenance 
Management 
Concepts 
Maintenance 
Processes 
(Strategic / Operational)
Knowledge 
Based Methods 
(Meta-analysis)
Continuous learning 
& improvement 
Effective use of 
Knowledge Assets
Cost Quality
 
Fig.4. Knowledge-based approach to maintenance for continuous improvement. 
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Although the aforementioned approach to knowledge-based maintenance is 
comprehensive, it only reveals the relation between several management approaches 
without indicating the logics of the relation, and the extent of deploying or producing 
knowledge. Moreover, no mechanism for acquisition, modeling, and representation of 
the knowledge is proposed. The types and homogeneities of knowledge assets have 
not been discussed. Hence, one cannot justify using or employing the model for 
improving MaM. It is only valuable in the context of conception of maintenance and 
defining required components. 
In the perspective of computer science, knowledge-based maintenance should 
necessarily hold principles of knowledge-based systems (KBS) and pertained 
approaches (Russell, et al., 2010), (Beierle, et al., 2008). In this dissertation, 
knowledge-based maintenance is defined as an integrated framework for meta-
analyzing knowledge assets (cf. sub-section 1.2.3) through learning from the past 
events and experiences, and improving forthcoming events (Ansari, et al., 2012b), 
(Ansari, et al., 2014a). This especially addresses the provision of proper evidence for 
maintenance managers to improve quality of decisions (Ansari, et al., 2014a). The 
purpose of this work is to employ meta-analysis of knowledge assets for improving 
maintenance cost controlling, and ultimate quality of maintenance processes (cf. 
Figure 4). Therefore, there is a certain difference between premises of this work and 
existing approaches in the literature named as knowledge-based maintenance. The 
foundations of this approach are further discussed in the following sub-sections, and 
later elaborated in Chapter 2 and 3.  
1.2 Maintenance Cost Planning and Controlling 
Planning, monitoring and controlling are equally important to manage business 
processes such as maintenance. These are associated with efficient use of physical 
resources and personnel, continuous performance improvement of practitioners and 
processes, and finally sustaining organizational goals. Notably “the cost of 
maintaining equipment often varies from two to 20 times the acquisition cost” 
(Dhillon, 2002). So effective planning and efficient controlling is required to increase 
the accuracy of planning, and detect improvement potentials for the forthcoming 
planning period. MCM is a function of MaM with a focus on plan, administer, 
monitor and control of the maintenance cost life cycle, i.e. the entire process 
encompasses costs and budget, and their impact and implications on production profit 
(Lamb, 2009), (Levitt, 2009), (Mirghani, 2009), (Dhillon, 2002).  
Planning, monitoring and controlling processes “require identifying specific activities, 
responsibilities, and indicators for testing efficiency and effectiveness” (Franceschini, 
et al., 2007). Efficiency is basically defined as doing things right, whereas 
effectiveness is concerned with doing the right things (Franceschini, et al., 2007). 
“Efficiency means getting the most (output) from resources (input), whether they are 
people or products” (Franceschini, et al., 2007). On the other hand, “effectiveness 
means setting the right goals and objectives, and making sure they are properly 
accomplished” (Franceschini, et al., 2007). Effectiveness is mainly result-oriented; 
thereby it is measured by comparing the achieved results with target objectives 
(Franceschini, et al., 2007). Efficiency is process-oriented whereby it is concerned 
with links between process performances and the employed resources (Franceschini, 
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et al., 2007). In order to plan, monitor and control MCM activities, the focus is on two 
principal objectives. Firstly, process quality deals with the efficiency of MCM 
processes. Secondly, product quality subject to the effectiveness of the MCM 
processes. Efficiency and effectiveness are validated by using metrics and indicators. 
Some authors distinguish between these two terms. In general, metrics are 
quantitative information that is processed for the specific needs of the business 
analysis and control (Hilgers, 2008). They are characterized by being able to represent 
a situation in a concentrated form (Hilgers, 2008). In contrast, indicators imply an 
indirect measurement approach and do not map facts which could be measured 
directly (Hilgers, 2008).7 Considering various accounts, in this dissertation the term 
measure is used to refer to metrics or indicator.  
In order to define MCM measures, the cost attributes of maintenance should be 
identified. There are various accounts on defining and classifying maintenance cost 
attributes which are studied in this section.  
According to maintenance literature, cost attributes are generally listed as:  
(1) Direct costs 
(2) Lost production/opportunity costs 
(3) Degradation costs  
(4) Standby costs 
Maintenance cost attributes are classified into two major categories; Direct and 
Indirect cost. In this paradigm, direct costs are associated with “keeping the 
equipment operable and include costs of periodic inspection and PM, repair cost, 
overhaul cost, and servicing cost” (Dhillon, 2002). Direct costs also cover the labor 
and material expenses needed to implement maintenance actions. 
Indirect costs are related to: 
• Loss of production due to primary equipment breakdown and unavailability 
of standby equipment, and lost opportunities in uptime, rate, yield, and 
quality due to non-operating or unsatisfactorily operating equipment. 
• Deterioration in the equipment life due to unsatisfactory/inferior 
maintenance, which raises costs to the safety of people, property, and the 
environment. 
• Operating and maintaining standby equipment.8 
Besides, Hahn and Laßmann defined, planned and unplanned cost as the major cost 
attributes (Hahn, et al., 1993). In this paradigm, the total maintenance cost is 
                                                          
 
 
 
 
7This paragraph is adopted from the contribution of the author in (Nasiri, et al., 2013) 
8The cost attributes are extracted and categorized by the author, based on reviewing of MCM 
literature such as: (Hastings, 2010), (Levitt, 2009), (Mirghani, 2009), (Dhillon, 2002), 
(McKenna, et al., 1997), (Niebel, 1994) and (Cavalier, et al., 1996).  
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calculated as the summation of planned and unplanned maintenance cost (Hahn, et al., 
1993). It comprises the planned cost of downtime, inspection, or repair, and 
unpredicted downtime, including failure and repair costs, and loss of contribution 
margin in case of a bottleneck (Hahn, et al., 1993). Figure 5 depicts the concept of the 
cost model (cost/benefit ratio), where the total maintenance cost () is interpreted 
through indication of planned () and unplanned maintenance costs () for a single 
production machine as:  =  +. The argument () implies the intensity of 
maintenance activities in a certain period, that on the one hand influences the planned 
maintenance operations cost, and on the other, the unplanned maintenance operations 
cost in that period. In other words,	() indicates proceeding of PM activities to 
optimize planned and unplanned maintenance cost. Since the unplanned cost function 
is non-linear and planned cost function is linear, the summation curve is expected to 
have a single (global) minimum that reveals the optimum number of maintenance 
activities () for a single production machine in the certain planning period (e.g. 
per month). This optimum is directly associated with the minimum of total 
maintenance cost () of a single production machine in the corresponding 
maintenance costing period. Similar approaches to the cost model of Hahn and 
Laßmann (1993) are detected in earlier references, e.g. (Tempest, 1976) and 
(Newbrough, 1967). Later, the trade-off curve (cf. Figure 5) is discussed underlying 
the framework of TPM, e.g. by (Wireman, 2004), (Mobley, 2008), (Stevenson, 2012). 
The model is a prevailing theory, arguing that “as the planned maintenance goes up, 
the unplanned maintenance (breakdown) goes down, and [consequently] the total 
maintenance costs goes down as a result [before reaching the minimum]” (Mobley, 
2008). This cost model is also examined as a basis for estimating total cost of 
reliability (Fei, 2008).  
 
 
Fig.5.The trade-off curve of Hahn and Laßmann for MCM based on the indication of planned 
and unplanned cost (Hahn, et al., 1993). 
 
The paradigm constituted by Hahn and Laßmann (1993) emphasizes the desired goal 
of MCM. It coherently puts the “planning-monitoring-controlling” challenge or gap 
of MCM into the foreground. The reason is the synoptic (ideal) characteristics of the 
model to direct the optimal relation between  and  . It in turn is used as a 
basis of comparison for the current and desired state of MCM. The need to cover this 
gap is also the core objective of the BCM methodology (Kelly, 2006). In fact, planned 
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and unplanned costs cover both aforementioned categories of direct and indirect cost. 
In contrast to the paradigm of Hahn and Laßmann (1993), classifying and analyzing 
cost attributes as direct and indirect only addresses the causes of maintenance 
expenses. It could not be clearly interpreted in terms of expected or predicted effects 
on maintenance actions and associated expenditures. In this dissertation, therefore, the 
model of Hahn and Laßmann (1993) is used as a basis for identification of cost 
attributes and development of MCM measures for bridging the gap of planning-
monitoring-controlling. 
As discussed earlier, monitoring is to determine whether all planned or pre-assigned 
objectives or goals are fulfilled or not. So it is to examine the current situation based 
on the captured data from the past event. In controlling, both planning and monitoring 
are integrated, and effective use of the intellectual capital of maintenance (i.e. data, 
information, and explicit/implicit knowledge) is vital. In other words, planning 
requires knowing what is happening, while controlling is to seek improvement 
potentials, i.e. knowing what has happened and what the deficiencies are. There are 
several factors influencing planning-monitoring-controlling such as (but not limited 
to) “asset condition (i.e. age, type, and condition), operational expertise and 
experience, company policy, type of service, skills of maintenance personnel, 
operational environment, equipment specification, and regulatory controls” (Levitt, 
2009). Since the aim of planning is to estimate and shape future events based on the 
currently derived knowledge, the mentioned factors and several more, depending on 
each use-case scenario, should be extensively considered. 
In summary, classifying cost of maintenance into planned and unplanned provides a 
basis for bridging the gap of ‘planning-monitoring-controlling’. The gap can be 
compensated through developing a continuous learning and improvement system.  
Such a system should firstly gather relevant knowledge assets (i.e. internal or 
external), secondly analyze those using meta-analytical methods, thirdly provide 
reference measures for deepening the insight of maintenance managers into the 
current situation, and ultimately lead to continuous improvement of MCM. The 
improvement potentials can be recognized, for instance, via detection of 
strategic/operational drift from the optimal factors of the model of Hahn and Laßmann 
(1993). These issues are discussed in the scope of this dissertation (cf. Chapter 2 and 
3). 
1.2.1 Maintenance Budget Management 
 
Maintenance Budget Management (MBM) is a function of MCM to control financial 
resources for running and measuring effectiveness of maintenance operations 
(Hastings, 2010) , (Lamb, 2009). Budget is allocated either in terms of operation (i.e. 
operating budget) or project (i.e. project budget) (Dhillon, 2002), (Westerkamp, 
1997). In the operating budget, each category of planned (predicted) expenditures 
(cost) is itemized to control normal operating labor, material, and overhead costs for 
the coming financial year (Dhillon, 2002). The budget, therefore, includes all 
foreseeable MaE activities such as clock-based, age-based, condition-based, and 
opportunity-based maintenance (Rausand, et al., 2003). The project budget is 
concerned with non-operating budget e.g. major construction, equipment purchase or 
on-the-job training of human resources (Lamb, 2009), (Dhillon, 2002). This leads to 
estimate cost of resources and overhead expenses to complete a project.  
Meta-analysis of Knowledge Assets for Continuous Improvement of Maintenance Cost Controlling    16          
 
 
Any type of budget can be prepared, either based on historical data (i.e. historical 
approach) or without (i.e. zero-based approach) (Hastings, 2010), (Lamb, 2009). 
Historical approach uses “the experiences of earlier financial years to determine cost 
estimates for the coming year” (Dhillon, 2002). In contrast, zero-based approach 
develops budget from “justification of current requirements or priority versus the 
availability of funds” (Dhillon, 2002). Thus, it is associated with the risk that may 
cause a positive or negative effect (i.e. opportunity or lost). The negative side is, for 
instance, reallocation of the budget due to inaccurate budgeting. The risk, however, 
can raise opportunities for managers, knowledgeable persons and new producers to 
compete in the market and improve their capabilities. Table 1 summarizes the main 
advantages and drawbacks of these two approaches. Advantages and drawbacks of 
budget preparation approaches indicate that both do not accurately use related 
intellectual capital of MCM. The reason is underlying the gap of “planning-
monitoring-controlling”. While relying on the earlier experiences is invaluable, it is 
also vital to prioritize the distribution of funds and generate new knowledge through 
the preparation of the budget for the upcoming financial year. In other words, the 
drawbacks of both approaches can be compensated by developing a new approach as 
a mixture of zero-based and history-based budget preparation. 
Table 1. Advantages and drawbacks of history- and zero-based budget preparation approaches 
– Adopted by the author form (Levitt, 2009), (Lamb, 2009), (Dhillon, 2002) 
 
Type of budget Advantages   Drawbacks 
Historical approach 
 
is efficient and rational 
 
 
perpetuates past errors 
(error forwarding)  
requires less paperwork 
 
can use/integrate documented/stored 
knowledge in repositories and 
expertise of domain experts 
 
proportions funding of 
ineffective operations 
to effective ones compensates risks of budget 
reallocation 
Zero-based approach 
 
is accurate, based on classification of 
expenditures (i.e. required by law, not 
required by law and first-time budget 
item) 
 
is time-intensive 
 
thorough and comprehensive process 
 
effectively uses and distributes 
available funds 
 
requires more 
documentation and 
paperwork 
 
provides clear understanding of 
organizational objectives and goals in 
all management levels and between 
practitioners 
 
includes risk of budget 
reallocation 
 
generates relatively new documented 
knowledge 
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1.2.2 Organization and Assignment of Responsibilities in MCM 
It is possible to group activities and responsibilities of MCM into two general 
classes9: 
(1) Basic or operational functions for planning, monitoring and reporting the 
status to the top management. 
(2) Advanced or meta-functions that demand adequate controlling and 
planning knowledge, authority to (re)establish policies, and make decision on 
MCM and its chain effects on production economy. 
The advanced functions are assigned to chief executive officer (CEO), and CMO as 
well as chief accounting officer (CAO). Their responsibility includes: 
(1) Establishment of MCM policies based on production economy and 
organization objectives. 
(2) Establishment of strategies to control cost flow of maintenance, including 
expenditures and budget. 
(3) Control maintenance costs in certain intervals. 
(4) Extract improvement potentials. 
(5) Redefine strategies for operational level. 
(6) Supervise secondary functions (basic functions). 
(7) Make a decision and plan budget for new interval. 
Staff of the basic functions is mainly the CME as well as engineers, operators and 
administrative personnel. In this level, planning and monitoring of cost flow should be 
done that includes:  
(1) Planning of maintenance costing for the new interval (based on the assigned 
budget). 
(2) Monitoring of expenditures and resources. 
(3) Documentation of MCM data using maintenance databases and information 
systems by means of desktop computer, laptops, mobile phone or tablet. 
(4) Reporting to top management about overhaul and the expenditures ratio of 
the planned budget. 
(5) Extract and report improvement potentials in maintenance costing i.e. text-
based report addressing a specific problem or forthcoming obstacle. 
                                                          
 
 
 
 
9
 The classifications and elaboration of the activities and responsibilities is done by the author 
based on review of (Lamb, 2009), (Levitt, 2009), (Mirghani, 2009), (Mobley, 2008), and 
(Dhillon, 2002).  
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In fact, the aforementioned staff classification and the assignment of the duties are 
ideal and their suitability is a matter of each single case. Organizational structure, 
culture and centralization/decentralization of MaM and MaE activities (particularly 
MCM) are thereby among influential factors to relatively shape the type of task 
breakdown and definition of duties. The gap of ‘planning-monitoring-controlling’ is 
specifically engaged with performance of maintenance practitioners, and therefore 
MCM essentially needs a structured organization with proper definitions of roles and 
duties.  
1.2.3 Management of Knowledge Assets in MCM 
MCM processes create and incorporate knowledge assets. “Knowledge assets are the 
inputs, outputs and moderating factors of the organization’s knowledge-creating 
activities and hence they are constantly evolving” (Nonaka, et al., 2000), (Schiuma, et 
al., 2010). There are three groups of knowledge assets, which are human, structural 
and relationship capital (Dawson, 2000), (Dawson, 2005), (Schiuma, et al., 2010). 
Human capital is the knowledge, expertise, skills, competence and creativities of the 
people/group of people who are working and creating value in the organization 
(Dawson, 2000), (Dawson, 2005), (Schiuma, et al., 2010). Structural capital is 
technological infrastructure such as hardware, software or data warehouse, and 
processes which do not necessarily depend on key staff (Dawson, 2000), (Dawson, 
2005), (Schiuma, et al., 2010). Relational capital is “relationships with clients, 
suppliers, distributors, partners, alliance members, academics, regulators and others, 
as well as organizational image and brands” (Dawson, 2000), (Dawson, 2005). 
In this way, it is significantly important to define ‘knowledge’, especially because it is 
a vague and ambiguous term in relation to data and information. The literature on 
knowledge management (KM) does not present consensus and unanimity to define the 
term of knowledge. It is a very popular way to define knowledge through identifying 
the distinction between knowledge, information and data (Wijnhoven, 2006). 
However, the definitions are sometimes diverged, or at least not converged, especially 
comparing different disciplines (e.g. philosophy, sociology, natural sciences, 
information management, and computer science) (Maier, 2007).10 In the field of 
information management and computer science, the mutual agreement seemingly is to 
define them in an hierarchical relationship (Maier, 2007). “Whereas data designates 
‘raw’, unconnected, quantitative or qualitative items, the term information relates to 
answers to questions, statements about situations or facts” (Eppler, 2006). In other 
                                                          
 
 
 
 
10
 Several definitions of KM are reviewed by the author. The difference in the KM account and 
perspective can be detected through comparing the following sources (but not limited to): 
(Polanyi, 1964), (Polanyi, 1967), (Ackoff, 1989), (Nonaka, 1994), (Nonaka, et al., 1995), 
(Davenport, et al., 1998), (Montana, 2000), (Alavi, et al., 2001), (Davenport, et al., 2002), 
(Watson, 2003), (Leavitt, 2003), (Mentzas, et al., 2003), (Gottschalk, 2004), (Baets, 2005), 
(Dalkir, 2005), (Jennex, et al., 2005), (Wijnhoven, 2006), (Coakes, et al., 2006), (Schwartz, 
2006), (Eppler, 2006), (Jennex, 2007), (Maier, 2007), (Leistner, 2010), (Schiuma, et al., 
2010), and (Fathi, 2013). 
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words information is “contextualized, categorized, calculated, corrected and 
condensed data” (Davenport, et al., 1998), (Eppler, 2006). Hence information is 
created when various sets of data are linked to form one coherent statement (Eppler, 
2006). “The resulting entity can be called a piece of information: a coherent set of 
statements that forms a message” (Eppler, 2006). Finally information can become 
knowledge “when it is correctly interpreted and connected with prior knowledge” 
(Eppler, 2006).  
Knowledge is classified according to a certain typology for distinction between tacit, 
explicit and latent knowledge (Wijnhoven, 2006). Tacit knowledge is a person-
dependent knowledge (personal knowledge). This type of knowledge is not and 
cannot be expressed (Wijnhoven, 2006). Tacit knowledge is non-representational, 
whereas explicit and latent knowledge. Explicit knowledge “is or could be expressed 
without attenuation” (Wijnhoven, 2006). Latent knowledge “could be expressed but 
it is difficult to express it without attenuation” (Wijnhoven, 2006). In the field of 
computer science, knowledge is mostly seen as explicit or implicit (tacit or latent). 
This classification categorizes knowledge by examining whether it is represented and 
documented. Thus the knowledge which is not documented is considered as implicit 
that might need to be discovered, extracted, represented, documented or validated.  
Knowledge is employed or produced within knowledge-intensive business processes 
(KIBP) (Gronau, et al., 2004), (Eppler, 2006). KIBP encompass and derive 
knowledge assets. A process is knowledge-intensive “if its value can only be created 
through the fulfillment of the knowledge requirements of the process participants” 
(Gronau, et al., 2004). Process participants are organizations or (group of) individuals 
involved in the process and sub-process(es) either as internal or external stakeholders. 
Hence, KIBP is defined “as a productive series of activities that involves information 
transformation and requires specialized professional knowledge” (Eppler, 2006). The 
objective of KM, therefore, is to make information actionable and reusable. KM is 
generally defined as an iterative, life cyclic, dynamic and systematic process which 
encompass the creation, acquisition, extraction, storage, retrieval, discovery, 
application, review, sharing and transfer of the knowledge captured from/within 
KIBP11. This definition only addresses the KM life cycle and, in turn, employing KM 
needs feasibility and technical requirement analysis of each application domain e.g. 
maintenance.  
In the perspective of MaM, KM is to integrate KIBPs and manage knowledge life 
cycle, especially to utilize knowledge assets for operational and strategic endeavors 
such as decision-making. MaM is a kind of KIBP which encompass all three types of 
knowledge assets (i.e. human, structural and relationship capital). MaM activities and 
                                                          
 
 
 
 
11
 This is a cumulative definition adopted by the author by reviewing and combining the defini-
tions or statements given by (Alavi, et al., 2001), (Watson, 2003), (Leavitt, 2003), (Mentzas, 
et al., 2003), (Gottschalk, 2004), (Baets, 2005), (Dalkir, 2005), (Jennex, et al., 2005), 
(Wijnhoven, 2006), (Eppler, 2006), (Jennex, 2007), (Maier, 2007), (Leistner, 2010), (Fathi, 
2013).  
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processes produce and use knowledge assets, particularly in planning, monitoring and 
controlling of the maintenance cost life cycle (cf. Figure 6).  
Controlling    
Relationship 
Capital 
 
 
Fig.6. Dynamics of knowledge assets in MCM. 
In the context of MCM, existing knowledge should be exploited and new knowledge 
will be explored for handling maintenance costing and related decision-making activi-
ties. Existing knowledge is associated with entities which are identified, extracted, 
documented and stored in structured databases and organizational memories. CMMIS 
regularly and systematically identifies, acquires, accumulates and stores explicit types 
of maintenance knowledge assets. In addition to the CMMIS, enterprise resource 
planning (ERP) systems, as an integrated platform, are used to support the CMO and 
CME in planning and monitoring of maintenance cost flow (Lamb, 2009). Basically, 
the CMMIS records statistics, numeric and text entities, which are composed of three 
types. These types are (1) structured (e.g. budget sheet and failure monitoring report), 
(2) unstructured (e.g. text report), or (3) semi-structured (e.g. email, voice mail, vide-
os, graphics, and text message). The first type of records can be directly processed 
with subsystems of the CMMIS. It is subject to maintenance schedules, re-
sources/inventory management, budget management and cost controlling, failure 
diagnoses, and condition monitoring (Bagadia, 2006), (Mobley, 2008). The second 
type consists of text-based documents like manuals, guidelines, regulations, standards, 
and reports which requires preprocessing, and thus cannot be directly used by the 
CMMIS. Other information sources include semi-structured records. Examples are 
emails exchanged between maintenance staff, research paper repositories dedicated to 
the field of maintenance, webpages or internet sources providing information on 
maintenance. The CMO needs to utilize all three types of record to manage planning-
monitoring-controlling activities. An ideal CMMIS provides a structured database to 
store all types of records (Bagadia, 2006), (Mobley, 2008). In addition, the CMMIS 
supplies maintenance personnel with certain functionalities to analyze the acquired 
values for condition monitoring (i.e. monitoring and analyzing sensor data), and 
PM/CM’s indicators and measures (Bagadia, 2006). 
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Despite the advantages, there are barriers to the CMMIS. Notably, it does not effec-
tively use, maintenance knowledge assets, particularly in maintenance costing and 
budget management. For instance, in maintenance cost administration, the CMO and 
CME are required to summarize, aggregate and analyze large numbers of maintenance 
records (e.g. historical data, reports) of the past planning period. He/she needs to 
meta-analyze knowledge assets of MCM, i.e. identify the strength of the relationship 
between two or more (limited) (cost and operational) variables for making proposals 
and estimating budget of the next planning (forthcoming) period (cf. Figure 5). In this 
context, the CMO is able to validate the outcomes (estimations), based on his/her 
domain expertise. This example is, similarly, extendable to the top level of manage-
ment, CEO and CAO, for tactical and strategic decision-making on budget and ex-
penditures, as well as production economy. Remarkably, the main black hole of the 
commercial CMMIS is the lack of decision analysis modules, especially for cost and 
budget controlling. A detailed discussion on the CMMIS including analysis of subsys-
tems, features and constraints is presented in Chapter 3.  
Moreover, knowledge gaps are identified through controlling past events. This leads 
to exploring new knowledge to resolve existing problems. Human capital is a price-
less source of knowledge. New knowledge is derived from the soft/hard competencies 
and skills, abilities, creativities and experiences of maintenance personnel. New 
knowledge should be systematically extracted, documented and stored in the CMMIS 
databases. In order to share and transfer new extracted knowledge, it should be vali-
dated by domain experts such as the CMO. Creating new knowledge is a learning 
process in which the CMO first detects the gaps and deficiencies in the past planning 
period and then strives to handle them in the forthcoming planning period. This ulti-
mately leads to continuous improvement of MCM.  
In this dissertation, cost- and text-based records (feedback of maintenance personnel) 
of MCM are analyzed using mathematical and textual meta-analysis (cf. Chapter 3). 
The analysis supports the CMO in identification of knowledge gaps and upgrading 
MCM activities. This provides opportunities for generating new knowledge from past 
experiences in cost controlling. This issue is elaborated in Chapter 3.  
1.3 Literature Survey of MCM Models 
This section provides an introduction to the chronological literature survey of 
mathematical and non-mathematical models (approaches) to MCM (cf. Appendix 7.1 
– Table 24). At first, the characteristics of the literature survey are discussed, and later 
the modeling approaches in MCM.  
In fact, the literature of MaM and MaE includes a large number of economic and 
business models. The diversity of subjects in the context of maintenance also leads to 
a variety of models. In this dissertation, the scope of the selection procedure is limited 
to the models that consider economic impacts of maintenance. In particular, cost-
based maintenance models are considered, i.e. the models applied in the domains of 
mechanical and civil engineering, production (i.e. total product life cycle), and opera-
tions management. The relevancy and quality of the selected models are highly im-
portant. So certain databases, especially the journals with significant research impact 
in the domains of operational research, maintenance engineering, engineering man-
agement, business management, and production management, are selected. Investigat-
ing the scientific databases and journals, in the first step, brings up approximately 95 
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relevant articles. In the second stage, all papers have been reviewed and non-relevant, 
out-of-date, or poor quality works have been excluded (i.e. approximately 15 articles). 
Following this, the related and interconnected works have been searched out. This has 
decreased the number of models and clarified the path dependencies between some of 
the models (cf. Appendix 7.1 – Table 24). Finally, the research results in the qualifica-
tion of 68 models12. The literature survey is not only intended to extend and deepen 
the insight into existing models in the literature of maintenance, it coherently provides 
a basis for classification and morphological analysis of the reviewed models (cf. Sec-
tion 1.4). The results of the survey appear in Table 24 (cf. Appendix 7.1). Notably, it 
includes a summary of approximately 68 models selected by the investigation of sev-
eral scientific databases and maintenance journals and publications. In Appendix 7.1, 
all the models are sorted in a temporal manner, from the earliest to latest. In the case 
of a model having a continual approach or dependency to other models, the references 
have also been cited. This shows no contradiction with the chronological study, and in 
turn considers path dependency of the reviewed models.   
There are two types of models for MCM, mathematical (quantitative), and non-
mathematical (qualitative). Mathematical modeling in maintenance is a vast field. It 
includes the majority of existing models aimed at improving the quality of mainte-
nance systems and processes, as well as those assisting maintenance managers in 
decision-making activities. Rausand and Høyland emphasized that “it is often 
recommended to establish mathematical models that can be used to assess the impacts 
of maintenance decisions” (Rausand, et al., 2003). They added that using 
mathematical models supports the simulation of maintenance strategies and reveals 
the associated effect, maintenance cost, and operational performance (Rausand, et al., 
2003). The simulation can facilitate the selection of the best [most effective] decision, 
and it can provide promising results in an industrial context (Rausand, et al., 2003).  
In addition to mathematical models, economic measures and indicators of MCM 
should be considered, particularly key performance indicators (KPIs). KPIs are 
managerial and business-oriented tools for monitoring and controlling the perfor-
mance of maintenance in both operational and managerial levels. In general, indica-
tors or measures are used for providing information for specific requirements of busi-
                                                          
 
 
 
 
12Of the selected models, 31% are from the articles published by the IEEE Transactions, name-
ly articles which appeared in IEEE Transactions on (1) Reliability, (2) Engineering Manage-
ment, and (3) Energy Conversion. The survey showed 16% to be from journals of operational 
research, 10% from maintenance engineering journals especially the articles appearing in the 
Journal of Quality in Maintenance Engineering (JQME), and also 10% came from produc-
tion management journals published by Springer and Elsevier. Maintenance handbooks and 
books and well-known IEEE conferences on reliability and maintainability make up 10% of 
the articles. Additionally, 9% of the articles belong to the conference publications (proceed-
ings) of the European Operations Management Association (EurOMA), and other related 
peer-reviewed conferences on production and operations management. Last but not least, 4% 
of models come from articles published by IIE Transactions (IIE stands for Institute of In-
dustrial Engineers). 
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ness controlling and analysis (Hilgers, 2008). Paramenter defined KPIs as “a set of 
measures focusing on those aspects of organizational performance that are the most 
critical for the current and future success of the organization” (Paramenter, 2010). 
Cray declared that KPIs are “crucial inputs for senior managers to perform effective-
ly” (Cray, 2008). In the context of MCM, Dhillon reviewed a series of KPIs deployed 
in operational layers, particularly for labor, material, equipment, and preventive or 
corrective activities (Dhillon, 2002). He also examined the indices developed to 
measure effectiveness of maintenance activities with respect to cost e.g. maintenance 
cost ratio where total maintenance cost is divided by total cost of sales (Dhillon, 
2002). The other examples of maintenance costing indices are: Maintenance labor 
cost to material cost ratio, maintenance cost to total manufacturing cost ratio, mainte-
nance cost to value of facility ratio, maintenance cost to total man-hours workers 
ratio, and PM cost to total breakdown cost ratio (Dhillon, 2002). KPIs are useful to 
monitor the performance of maintenance and to collect data for the forthcoming plan-
ning phase (Mitchell, 2006). In combination of the mathematical models reviewed 
earlier, KPIs reinforce the supporting of MCM managers to examine the current state 
of the maintenance performance versus desired state (i.e. objectives of organization 
and production economy). This issue is further discussed by several authors such as 
(Cray, 2008), (Fei, 2008), (Mitchell, 2006), and (Dhillon, 2002). Five selected ap-
proaches using KPIs in MCM are cited in Appendix 7.1, namely, (Rommens, 2012), 
(Salonen, et al., 2011), (Kister, 2008), (Kelly, 2006) and (Dhillon, 2002).  
In contrast, non-mathematical models are comparatively few. Such models are used to 
conceptually reveal the association between strategic and operational layers of 
maintenance. They are mainly established based on, but not limited to, the principles 
of MaM concepts (cf. Section 1.1 – Discussion on TPM, RCM, TLC, lean mainte-
nance, and knowledge-based maintenance).  
The mathematical and non-mathematical models, cited in Appendix 7.1 (cf. Table 
24), are analyzed in the following section (cf. Section 1.4 – Table 6).    
1.4 Morphological Analysis of MCM Models 
In order to demarcate the boundaries and overlaps between all reviewed models in 
Section 1.3, selection of a consistent methodology is crucially important. Especially, 
when the aim of the analysis is to coherently identify the types of modeling and de-
termine approaches to problem-solving for bridging the gap of planning-monitoring-
controlling in MCM.  In this context, morphological analysis is desirable13. Typically 
a “box” (table) is developed, in which each line represents a criterion, and each col-
umn is associated with its expression.  Table 2 depicts such a box for analyzing the 
models of MCM. It deploys distinctive criteria and their different expressions for 
consistent classification. Therefore, for example, one model can simultaneously en-
compass any combination of the criteria, but only with one associated expression for 
                                                          
 
 
 
 
13Fritz Zwicky (1898-1974) proposed the idea of morphological analysis (Zwicky, 1969), 
(Zwicky, 1989).  
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each criterion. Table 2 includes eight criteria which are marked with a number, and 
every associated expression has a distinctive index. For instance criterion 1 is “type of 
modeling” which is associated with “1.1 Mathematical, 1.2 Non-mathematical and 1.3 
Combined”. The other criteria are similarly represented.  
Table 2. The criteria and associated expressions for morphological analysis of MCM models 
Criteria Expressions 
1. Type of modeling 
Mathematical  
(Quantitative) 
(1.1) 
Non-mathematical 
(Qualitative) (1.2) 
Combined (1.3) 
2. Type of problem-solving Incremental (2.1) Synoptic (2.2) Combined (2.3) 
3. Focus of purpose Description (3.1) Explanation (3.2) Decision-
making (3.3) 
4. Extent of the model  
    (with regard to the object) 
Partial (4.1) Total (4.2)  
5. Reaction of parameters Deterministic (5.1) Stochastic (5.2) Fuzzy (5.3) 
6. Consideration of time Static (6.1) Semi-dynamic (6.2) Dynamic (6.3) 
7. Scope of application Situationally 
applicable (7.1) 
Universally applicable 
(Reference models) 
(7.2) 
 
8. Remarks: Heuristic Yes No N.A. 
 
Interpretation of each expression might be different or misleading. In some cases, 
abstract terms like “incremental” and “synoptic” approaches to problem-solving, 
should be identified. This ultimately influences indication of the type and clarifies the 
border for combined approaches. Providing exact explanation is a prerequisite for 
successful execution of the morphological analysis. It is in turn a key for methodolog-
ical study. Table 3 identifies the characteristics of every criterion, and reveals the 
extent of the definition for every associated expression. 
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Table 3.The identifiers for the criteria and associated expressions 
 
Criteria Characteristics of the associated expressions 
Type of modeling • Mathematical models are (quantitative) systems of equations and numbers of economic/non-economic variables. In some cases, the mathematical models 
are incomplete. This refers to the visual models which only picture an abstract relation between certain variables using graphs (i.e. lines and curves).  
• Non-mathematical models are the visualization of the concepts; flow charts, including sequential relation and types of association between different com-
ponents, or descriptive models in natural languages. They provide a conceptual and qualitative picture of a system. Such models are used to depict either an 
existing or ideal situation in the context of the problem domain.  
• Combined models use a combination of quantitative and qualitative approaches for modeling a system (i.e. the model consists of mathematical and non-
mathematical elements). 
Type of problem-solving14 Incremental and synoptic problem-solving refers to a group of characteristics which do not necessarily happen simultaneously in a system. Due to the im-
portance and complexity of these approaches, a detailed discussion is given in sub-section 1.4.1. Here the main keywords only are addressed. 
 
• Incremental characteristics are detectable in a system with (but not limited to) “feedback loop”, “considering historical data”, “focusing on continuous 
improvement or solving a problem over an infinite time span”, “monitoring over an infinite time span”, and “targeting the average value of a variable over 
an infinite time span”. 
• Synoptic characteristics are determined through analyzing a system with (but not limited to) “open loop”, “inconsideration of historical data”, “focusing on 
solving a problem as it is modeled”, and “targeting the optimum, maximum or minimum value of a certain variable(s)”. 
• Combined characteristics are difficult to detect. They are case-dependent, for example, the combination of optimizing cost using feedback loop or embed-
ding synoptic models in an incremental environment.   
 
Focus of purpose This criterion refers to which end a model is designed and what it can be used for. In this context the focus of purpose can be description, explanation or 
decision-making (Berens, et al., 2004), (Klein, et al., 2004), (Frankel, 2008).  
 
• Description models refer only to the purpose of reporting or drawing the picture of an event, function or system. For instance, a piece list of a machine 
only describes its elements, but is not able to show anything in the manner of a scientific explanation. 
• Explanation models provide hypothesis (or what-if relationship) to scientifically define a scope or structure of a system using the deductive-nomological 
                                                          
 
 
 
 
14Detailed information for comparing incremental and synoptic approaches is presented in Table 4 and 5 in sub-section 1.4.1. The results of the mor-
phological analysis are presented in sub-section 1.4.2. 
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Criteria Characteristics of the associated expressions 
model (Hempel–Oppenheim model) for defining conditions and associated consequences. Such models can be used for prognosis. 
• Decision-making models are used for selection of the most desirable (optimal) alternative. The alternatives are developed based on explanatory models. 
Those, in turn, are developed in the ascending stage based on descriptive models. Examples are decision-making models used for trading-off between eco-
nomic parameters and selection of the most desirable policy in MCM.   
Extent of the model • Partial models do not deal with the whole problem. For example, they only deal with maintenance cost, but not with the benefits or value of maintenance. 
• Total models, in contrast, deal with the problem holistically i.e. considering all (organic or functional) relations and interdependencies between cost and 
benefits. 
Reaction of parameters In the context of the mathematical models, the reaction of parameters/variables can be classified into three categories as follows: 
• Deterministic behavior refers to non-random evolution of parameters (i.e. only in one way).   
• Stochastic behavior, in contrast, emphasizes the random evolution of parameters (i.e. different ways over time). Such a behavior is developed based on the 
probability theory.   
• Fuzzy behavior refers to a group of models which deploy the concept of fuzzy logic in which truth can assume a continuum of values between 0 and 1. 
Therefore the parameter is not completely true or false, whereas it expresses a probable range of values. 
Consideration of time • Static models represent the equations without considering the time variable.  
• Semi-static models, however, considers the behavior of a system over time instances (discontinuous), but they do not include a time-dependent variable 
explicitly.  
• Dynamic models directly represent the equations including time variable.  
Scope of application • Situationally applicable models refer to customized models for solving a unique problem. Such models normally consider a singular use-case scenario 
with radically distinctive borders (barriers) and constraints from other related problems.  
• Universally applicable models, in contrast, provide a generic reference model for solving a group of problems in one or different domain(s).  
Heuristic In addition to incremental and synoptic approaches, the problem-solving can also be developed using experiences or even trial-and-error for solving a prob-
lem. Such heuristic approaches do not guarantee the solving of a problem. Meta-heuristic approaches, in contrast, provide a pattern for solving a wide range 
of problems. These issues are discussed in sub-section 1.4.1.  
In the morphological analysis, three expressions are considered for identifying the heuristic or meta-heuristic nature of the problem-solving as: 
• Yes (Y) which indicates that the author(s) of reviewed papers report(s) or recommend(s) solving a problem (by means of the presented model) in heuristic 
procedure. In addition, the study is extended for meta-heuristic approaches by indicating the well-known meta-heuristic methods which are used in the con-
text of problem-solving like genetic algorithms.   
• No (N) which indicates that author(s) has (have) explicitly refused to use any heuristic or meta-heuristic method. 
• Not available (N.A.) which emphasizes the fact that the author(s) has (have) either not reported or recommended using any heuristic or meta-heuristic 
approaches, but not explicitly refused them. 
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1.4.1 Types of Problem-Detection and Solving 
Literature of strategic planning and management deals with two major schools of 
thought (general approaches) for strategy formulation and process modeling; synoptic 
and incremental. The former is based on “principles of rational decision-making and 
assume that purpose and integration are essential for a firm’s long-term success” 
(Fredrickson, 1983). In contrast, the latter is based on how organizations really make 
strategic decisions (Fredrickson, 1983).  
Toft defined Synoptic formalism (Rationalism) “as a wide range of problem-solving 
approaches that can be characterized as being ideal, rational, sequential and compre-
hensive” (Toft, 2000). This school of thought is originated by (Andrews, 1971), 
(Ansoff, 1977), (Steiner, 1979), and (Lorange, 1980). They mainly discussed long 
range planning and traditional strategic planning (Toft, 2000).  
Methe et al. pointed out that an incremental approach to strategic management argues 
that strategic problems are too complex and ever changing (Methe, et al., 2000). 
Therefore, the strategic decision-making cannot be accomplished in a rational and 
straightforward manner, and it is coherently incremental and adaptive (Methe, et al., 
2000). This school of thought is known as Incrementalism. Furthermore, incremental 
approaches break through the barriers of synoptic formalism by stating that the latter 
is not applicable in some cases, and therefore cannot be used, and even should not try 
to be used in such cases (trying it regardless is not rational) (Seidenberg, 2012). The 
well-known incremental approaches are “bounded rationality”, “muddling through”, 
“disjointed incrementalism”, “logical incrementalism”, “piecemeal engineering”, and 
“Kaizen”. These approaches are respectively discussed by (Simon, 1997 (1957:1st)), 
(Lindblom, 1959), (Braybrooke, et al., 1963), (Quinn, 1980), (Popper, 2003), and 
(Imai, 2002). The term “incremental approach” or “continuous improvement” - 
(Nicholas, 2011) - is considered and examined in the management literature, especial-
ly in contributions or partial overlapping to the thematic areas such as organizational 
change (Beck, 2001), (Nicolai, 2010), optimization of business process (Becker, 
2008), (Schmelzer, et al., 2010), corporate planning, account planning (Picot, et al., 
1978), (Bresser, 2010), product innovation (especially the discussion of radical and 
incremental methods to innovation management) (Beck, 2001), (Leavitt, 2003), 
(Becker, 2008), (Goffin, et al., 2010), (Nicholas, 2011), and quality management 
(Pfeifer, 2002), (Evans, et al., 2011). 
As a consequence, synoptic models are to maximize the organizational goals which 
are defined in economic or financial terms, based on a rational and comprehensive 
procedure (Methe, et al., 2000). Incremental models are to decentralize the selection 
of alternatives through adapting to environmental changes and, therefore, “organiza-
tion is constrained to multiple goals composed of an admixture of economic, political 
and social considerations” (Methe, et al., 2000). The major characteristics of synoptic 
and incremental approaches to (strategic) management discussed in the literature are 
presented and compared in Table 4. 
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Table 4.Comparison of major characteristics of synoptic and incremental approaches to strategic management 
(Adopted by the author from multiple sources: (Lindblom, 1959), (Picot, et al., 1978), (Fredrickson, 1983), (Mintzberg, 1990), (Ansoff, 1991), 
(Seidenberg, 2012) ) 
 
Characteristics 
 
Synoptic  Incremental 
Initiation/trigger mechanism Continuous environmental scanning 
generates opportunities/problems for 
strategic action. 
 
Problem/performance gaps initiate a search for solution. 
Relationship between means (alternatives) 
and ends (goals) 
 
First, identify the ends of action and 
the means to achieve them (i.e. ends-
means process). 
 
Means and ends are not easily distinguishable. The remedial change 
outcome is considered at the same time that the means for achieving it 
is analyzed (i.e. means-ends process). 
 
Concept of choice 
 
The best choice is the one that most 
closely approximates the desired end.  
 
The choice of an alternative is made by combining the considered 
alternatives (means) and their possible consequences (ends), and 
simultaneously selecting the one that yields the most desired outcome 
(i.e. agreement achieved by choosing an alternative or the means to an 
end). 
Analytic comprehensiveness 
 
All important factors are considered. All possible factors are not considered. Analysis is based on a few 
alternatives only marginally different from the existing state of affairs. 
Integrative comprehensiveness 
 
Efforts are made to integrate decisions 
into a unified strategy. 
Little attempt to integrate, consciously, the individual decisions that 
could possibly affect one another (i.e. not integrated but loosely cou-
pled).  
Decision-making and planning behavior  Anticipative and goal-oriented. 
 
Reactive to urgent problems. 
Goal-orientation  Specific. Indeterminate. 
 
Temporal and factual horizon of problem Long-term and comprehensive. Short-term and limited to the current sub-problems. 
 
Evaluation process of alternatives Analytical and comprehensive. 
 
Piecemeal (in stages). 
Continuity of planning Integrated and unique. 
 
Stepwise and sequential. 
Flexibility of planning  
 
Limited. 
 
Adaptive. 
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Synoptic and incremental approaches have been examined, criticized and/or compara-
tively studied by numerous authors of (strategic) management, particularly  Lindblom 
(Lindblom, 1959), Dror (Dror, 1964), Picot and Lange (Picot, et al., 1978), 
Fredrickson (Fredrickson, 1983), Johnson (Johnson, 1988), Mintzberg (Mintzberg, 
1990), Ansoff (Ansoff, 1991), Toft (Toft, 2000), Methe et al. (Methe, et al., 2000), 
Miller (Miller, 2011), and Seidenberg (Seidenberg, 2012). Hard critiques and debates 
can be detected concerning “Incrementalism” and/or “Rationalism” (Synoptic formal-
ism). For example, Johnson argued that “consciously managed incremental change 
does not necessarily succeed in keeping pace with environmental change” (Johnson, 
1988). This is a so-called phenomenon of “strategic drift” when the “incrementally 
adjusted strategic change and environmental change, particularly market changes, 
moved apart” (Johnson, 1988). This phenomenon is rooted in the characteristics of 
incremental approaches especially mean-end relationship (i.e. prioritization of the 
alternatives to goals), and concept of choice (i.e. selection of the approximate choice 
rather than the best choice, or the one that most closely approximates the desired end) 
(cf. Table 3). Seidenberg reviewed and compared four incremental models “disjointed 
incrementalism”, “logical incrementalism”, “piecemeal engineering” and “Kaizen”, 
and concluded that these models differ in several ways, so one cannot speak about one 
single kind of “Incrementalism” (Seidenberg, 2012).  In addition, Methe et al. skepti-
cally indicated that synoptic approaches to strategic management should be tried with 
caution (Methe, et al., 2000).  
During the evolution of synoptic and incremental models over the past 45 years, they 
have been extensively discussed from both a practical and theoretical perspective. 
However, which one is “the best way of problem-solving”?  
Fredrickson suggested “not only organizations that employ both synoptic and 
incremental approaches, but the strategic process may be synoptic on some 
characteristics (e.g. the process is proactively initiated) and simultaneously 
incremental on others (e.g. strategic decision is not the result of conscious choice)” 
(Fredrickson, 1983). This hypothesis was reconsidered through an empirical investi-
gation by (Methe, et al., 2000). They pointed out the question of selecting either in-
cremental or synoptic as not precise, and it should be reformulated to “when and 
how” the two approaches could be used (Methe, et al., 2000). Hence the question of 
selecting "one best way" to solve problems (either synoptic or incremental) is the 
wrong one. Instead, coexistence and combination of the two basic approaches to 
strategic management is recommended (Fredrickson, 1983), (Toft, 2000), (Methe, et 
al., 2000), (Bresser, 2010) and (Seidenberg, 2012). Table 5 presents the findings 
based on the literature study and needs analysis regarding the major features of synop-
tic and incremental approaches to problem-solving (decision-making) activities 
(Seidenberg, 2012) and (Ansari, et al., 2013). It advances the characteristics presented 
in Table 4, and provides recommendations to decide “when and how” synoptic and 
incremental approaches can be used. 
 
  
Meta-analysis of Knowledge Assets for Continuous Improvement of Maintenance Cost Controlling    30          
 
 
Table 5. Major features for the selection of synoptic and incremental approaches 
        (Adopted by the author from (Seidenberg, 2012) and (Ansari, et al., 2013)) 
 
 Synoptic approach Incremental approach 
Underlying principle of 
cybernetics/Control 
Open loop. Closed loop. 
Involved management 
phases 
Planning and decision-
making. 
All, especially including 
monitoring. 
Type of complexity reduc-
tion 
Trivialization of source of 
problems by structuring. 
Tentativeness by the solu-
tion of the problem. 
Type of problem shifting Degenerative. Progressive. 
Cause of the phenomenon, 
to solve the "wrong" prob-
lem 
Unsuitable modeling, espe-
cially by highly reduced 
complexity. 
Unsuitable problem selec-
tion /prioritization. 
Time sequence of the prob-
lem-solving process 
Defined initial and defined 
end (project). 
Without a defined end 
(ongoing task). 
Status of problem-solving Definitively (elimination of 
the problem). 
Tentatively (Dealing with 
or handling the problem). 
Expected quality level of 
problem-solving 
High. Low. 
Possibility of wrong deci-
sion 
(Risk of decisions) 
Not included in the basic 
model of decision theory.  
Considered in this ap-
proach. 
Modeling of risk Explicit modeling or ab-
stracted from risk (risk-free). 
Probability-based analysis 
of alternatives, stepwise 
and piecemeal problem-
solving. 
Direction of evaluation of  
problem-solving 
Forward (based on the goal) 
What is left to do? 
Backward (based on previ-
ous state/literal review).  
What has been reached? 
Benchmark to assess the 
problem-solving 
Absolute, based on optimum. Relative, comparative. 
Innovation driven charac-
teristic  
Radical. Learning from experiences 
and evaluations of proto-
types. 
 
Besides discussion of synoptic and incremental approaches to problem discovery and 
solving, heuristic models need to be taken into account. Heuristic models encompass 
principles of synoptic/incremental approaches, but do not necessarily deal with math-
ematical formulations, and in turn concentrate more on providing hypotheses and 
guidelines (Käschel, et al., 2001), (Berens, et al., 2004), (Blohm, et al., 2008). Exam-
ples of heuristic models are rules of thumb for proposing hypothetical structures for 
planning, monitoring and controlling which are strengthened, not necessarily, by 
providing mathematical formulations. Heuristic models are usually speculative formu-
lation serving as a guideline in problem discovery and solving, and not guaranteeing 
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the best way (Käschel, et al., 2001), (Smith, 2002), (Koen, 2002), (Blohm, et al., 
2008). Smith emphasized that “an essential aspect of modeling is the use of heuris-
tics” (Smith, 2002), (Starfield, et al., 1994). It is difficult to define heuristics; howev-
er, Koen (Koen, 2002) listed the ideal characteristics of heuristic approaches/models 
and declared that: “ (1) Heuristics do not guarantee a solution, (2) Two heuristics may 
contradict or give different answers to the same question and still be useful, (3) Heu-
ristics permit the solving of unsolvable problems or reduce the search time to a satis-
factory solution, (4) The heuristic depends on the immediate context instead of abso-
lute truth as a standard of validity.” (Smith, 2002), (Koen, 2002)15. Heuristic models 
are used to guide, discover and solve problems in the entire process of problem-
solving or decision-making (Smith, 2002), (Koen, 2002). Koen's definition of the 
engineering method has stressed the importance of heuristic modeling as: “the engi-
neering method is the use of heuristics to create the best change in a poorly under-
stood situation within the available resources” (Smith, 2002), (Koen, 2002). Besides, 
Gigerenzer comprehensively reviewed heuristic approaches to problem-solving in 
(Gigerenzer, 2008), and later heuristic decision-making in (Gigerenzer, et al., 2011). 
Gigerenzer (2008) compared statistical optimization procedures and heuristics.  He 
pointed out that “heuristics do not try to optimize (i.e. find the best solution), but 
rather satisfice16 (i.e. find a good-enough solution)” (Gigerenzer, 2008). He exempli-
fied that while “calculating the maximum of a function is a form of optimizing, 
choosing the first option that exceeds an aspiration level is a form of satisficing” 
(Gigerenzer, 2008). This statement, in fact, highlights the difference between synoptic 
approaches and heuristics. However, the border for indicating the difference of such 
approaches in comparison with incremental or combined (combination of synoptic 
and incremental) is too narrow. 
In the context of operation management, heuristic approaches are compared with 
meta-heuristic (Stevenson, 2012), (Blohm, et al., 2008). Meta-heuristic is a confusing 
term, because it does not address a common understanding by adding the prefix “me-
ta-” to a term for building a new term. For instance, meta-data is a kind of data which 
provide data about data (e.g. a product catalog). In contrast, meta-heuristic is an inde-
pendent term referring to optimization or approximation algorithms (Luke, 2009-2012 
), (Blohm, et al., 2008), (Ólafsson, 2006). So it does not mean heuristic for/about 
heuristics (Luke, 2009-2012 ). Meta-heuristic approaches provide general patterns for 
universal problem-solving (i.e. wide range of problem domains) instead of specific 
situations where heuristics are applicable (Blohm, et al., 2008). They are used basical-
ly to find approximate solution(s), especially for the sophisticated and complex prob-
lems (Käschel, et al., 2001), (Blohm, et al., 2008). In particular, such methods are 
used when there is neither an idea/information about the optimal solution (or value) 
nor the way to approach it, in addition to the problem domain being wide and not 
                                                          
 
 
 
 
15
 Cf. (Koen, 1985) and (Koen, 1984). 
16Decide on and pursue a course of action satisfying the minimum requirements to achieve a 
goal. 
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necessarily specific (Luke, 2009-2012 ), (Blohm, et al., 2008), (Ólafsson, 2006). Of 
course, any meta-heuristic method does not necessarily equip one for solving any 
kinds of problem, and in each case the most adequate meta-heuristic solution should 
be selected through test and usability assessment (Luke, 2009-2012 ), (Blohm, et al., 
2008), (Ólafsson, 2006). Examples are (but not limited to) evolutionary algorithms 
(e.g. genetic algorithms), local search17, tabu search, and the nested partitions method 
(Ólafsson, 2006).  
It is too indecipherable to identify which heuristic or meta-heuristic method is synop-
tic or incremental. For example, the synoptic approach like branch-and-bound can be 
interpreted in a shortened version as heuristic, i.e. only providing a set of candidate 
solutions (Blohm, et al., 2008). The genetic algorithm as a meta-heuristic approach, in 
contrast, is incremental (Blohm, et al., 2008). Therefore, one cannot classify those 
models in two fully separated categories. The advantages and drawbacks of synop-
tic/incremental models and their border of similarity to heuristic and meta-heuristic 
approaches indicate the potential for coexistence of these approaches. 
In this sub-section, synoptic, incremental, heuristic and meta-heuristic approaches to 
problem-solving are reviewed. The goal is to identify which typology of the manage-
ment models can be used to compensate and resolve the gap of “planning-monitoring-
controlling” in MCM. This issue is further discussed in sub-section 1.4.2 and section 
1.5. 
1.4.2 Results of Morphological Analysis 
The morphological analysis is conducted through extensive analysis of all 68 sur-
veyed MCM models (cf. Section 1.3 and Appendix 7.1). In particular, eight criteria 
and associated expressions are used for the analysis (cf. Table 2&3). In the proceed-
ings, the results of the analysis are presented in Table 6. Each column represents a 
criterion and associated expressions, based on Table 2. Each row shows a model and 
its association with the criteria. All models are listed in chronological order, based on 
the content of Section 1.3. The check-mark (✔) is used to indicate whether a model 
fulfills a certain expression or not. In case of ambiguous situations, a footnote is used 
to add details. As discussed earlier, some of the reviewed models are interconnected 
or use the principles of other models. In such cases, all original works and models 
have been cited as well. One row, therefore, may include more than one model. Once 
a predecessor (preceding model) is detected, the reference is cited in the footnote. 
Finally, the findings of Table 6 are discussed with the aim of identifying patterns 
corresponding to each criterion (cf. sub-sections 1.4.2.1-8). This leads to the identifi-
cation of the characteristics for developing a novel reference model to MCM (cf. 
Section 1.5).  
                                                          
 
 
 
 
17Meta-heuristic methods such as “local search” are discussed in (Käschel, et al., 2001), 
(Berens, et al., 2004), and (Blohm, et al., 2008).  
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Table 6. Morphological analysis of the surveyed MCM models 
(Note: This table runs over pages 33 to 41.) 
Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
Models  
(Nathan, 1969) ✔    ✔    ✔  ✔ 
 
✔   ✔ 
 
 ✔ 
 
✔ 
 
 N.A. 
(McLeod, 1973)   ✔ 
 
  ✔ 
 
  ✔  ✔ ✔    ✔ 
 
  ✔ N.A. 
(Tempest, 1976)   ✔ 
 
  ✔ 
 
  ✔ ✔  ✔    ✔ 
 
  ✔ N.A. 
(Sule, et al., 1979) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
 ✔ 
 
    ✔ 
 
 ✔ 
 
N.A. 
                                                          
 
 
 
 
18
 This criterion is determined through indicative explanation by the author(s) of each reviewed article. In the case of no direct indication the personal judgment 
of the author of this dissertation is reflected.  
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Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
(Regulinski, et al., 
1983) 
✔ 
 
    ✔ 
 
  ✔ 
 
 ✔ 
 
 ✔ 
 
   ✔  ✔ 
 
N.A. 
(Collins, 1983) ✔ 
 
    ✔ 
 
  ✔ 
 
 ✔ 
 
✔ 
 
✔ 
 
   ✔ 
 
✔  N.A. 
(Goyal, et al., 1985) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
 ✔ 
 
    ✔ 
 
 ✔ 
 
Y 
(Canfield, 1986) ✔ 
 
    ✔   ✔ 
 
✔ 
 
  ✔ 
 
   ✔ 
 
 ✔ 
 
N.A. 
(Blohm, et al., 1988) 
(Seidenberg, 1989) 
(Adam, 1989) 
 
 ✔  ✔ 
 
   ✔ ✔ ✔  ✔    ✔ 
 
  ✔ Y 
(Jayabalan,etal.,1992) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
 ✔ 
 
    ✔ 
 
✔ 
 
 N.A. 
(Hahn, et al., 1993) ✔ 
 
   ✔    ✔ ✔  ✔    ✔   ✔ N.A. 
(Sheu, et al., 1994)   ✔ 
 
✔ 
 
    ✔ 
 
 ✔ 
 
✔ 
 
    ✔ 
 
 ✔ 
 
N.A. 
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Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
(van Gestel, 1994)   ✔ 
 
  ✔ 
 
  ✔ 
 
✔ 
 
  ✔ 
 
   ✔ 
 
 ✔ 
 
N.A. 
(Al-Najjar, 1996)  ✔  ✔ 
 
    ✔  ✔ ✔    ✔ 
 
  ✔ N.A. 
(Usher, et al., 1998) ✔ 
 
    ✔ 
 
  ✔ 
 
 ✔ 
 
✔ 
 
    ✔ 
 
✔ 
 
 Y19 
(Lim, et al., 1999) ✔ 
 
   ✔ 
 
  ✔ 
 
 ✔ 
 
  ✔ 
 
   ✔ 
 
✔ 
 
 N.A. 
(Reineke, et al., 1999a) 
 (Barlow, et al., 1960) 
 
 
✔ 
 
    
✔ 
 
    
✔ 
 
 
✔ 
 
   
✔ 
 
    
✔ 
 
 
✔ 
 
 
 
N.A. 
(Reineke,et al.,1999b) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
  ✔ 
 
   ✔ 
 
✔ 
 
 N.A. 
(Baron, et al., 1999) 
 
 
  ✔ 
 
 ✔ 
 
   ✔ 
 
 ✔ 
 
 ✔ 
 
   ✔ 
 
✔ 
 
 N.A. 
                                                          
 
 
 
 
19Meta-heuristic approach using genetic algorithm. 
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Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
(Sung, et al., 2000) ✔ 
 
   ✔ 
 
   ✔ 
 
 ✔ 
 
✔ 
 
   ✔ 
 
 ✔ 
 
 Y20 
(Yam,et al., 2000) ✔ 
 
 * 
21
  ✔ 
 
   ✔ 
 
 ✔ 
 
✔ 
 
   ✔  ✔ 
 
 N.A. 
(Duffuaa, et al., 2001)  ✔ 
 
 ✔ 
 
    ✔ 
 
✔ 
 
 ✔ 
 
   ✔ 
 
  ✔ 
 
N.A. 
(Dhillon, 2002) ✔ 
 
  ✔ 
 
    ✔ 
 
✔ 
 
  ✔ 
 
   ✔ 
 
 ✔ 
 
N.A. 
(Maillart, et al., 2002) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
  ✔ 
 
   ✔ 
 
✔ 
 
 N.A. 
(Grall, et al., 2002) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
  ✔ 
 
   ✔ 
 
✔ 
 
 N.A. 
(Chen, et al., 2003) ✔    ✔ 
 
   ✔ 
 
✔ 
 
 ✔ 
 
    ✔ 
 
 ✔ 
 
N.A. 
(Rhee, et al., 2003) ✔   ✔ 
 
    ✔ 
 
✔ 
 
  ✔ 
 
   ✔ 
 
 ✔ 
 
N.A. 
                                                          
 
 
 
 
20
 The authors indicated that for future work it is best to use the model through a heuristic procedure.  
21
 The authors indicated the need for intelligent decision support systems (DSS).  
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Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
(Elegbede, et al., 2003) ✔ 
 
    ✔ 
 
  ✔ 
 
✔ 
 
 ✔ 
 
  ✔ 
 
  ✔ 
 
 Y22 
 
(Dey, 2004) ✔ 
 
  ✔ 
 
    ✔ 
 
 ✔ 
 
✔ 
 
  ✔ 
 
  ✔ 
 
 N.A. 
(Labib, 2004) ✔ 
 
  ✔ 
 
    ✔ 
 
 ✔ 
 
  ✔ 
 
 ✔ 
 
  ✔ 
 
N.A. 
(Shum, et al., 2004) ✔ 
 
    ✔ 
 
  ✔ 
 
✔ 
 
 ✔ 
 
✔ 
 
   ✔ 
 
 ✔ 
 
Y23 
(Haarman, et al., 
2004)24 
 
  ✔ 
 
✔ 
 
    ✔ 
 
 ✔ 
 
✔ 
 
    ✔ 
 
 ✔ 
 
N.A. 
(Jardine, et al., 2005) 
 
 
✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
 ✔ 
 
   ✔ 
 
  ✔ 
 
N.A. 
                                                          
 
 
 
 
22Meta-heuristic approach for approximation. 
23Meta-heuristic approach using genetic algorithm. 
24Value-driven maintenance (VDM). 
Meta-analysis of Knowledge Assets for Continuous Improvement of Maintenance Cost Controlling    38          
 
 
Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
(Yao, et al., 2005) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
  ✔ 
 
   ✔ 
 
✔ 
 
 N.A. 
(Selman, et al., 2005) ✔ 
 
  ✔ 
 
   ✔ 
 
 ✔  ✔ 
 
   ✔ 
 
 ✔ 
 
 N.A. 
(Rishel, et al., 2006)25   ✔ 
 
✔ 
 
   ✔ 
 
  ✔ 
 
✔ 
 
   ✔ 
 
  ✔ 
 
N.A. 
(Lehtonen, 2006) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
 ✔ 
 
✔ 
 
   ✔ 
 
✔ 
 
 N.A. 
(Wang, et al., 2006) ✔ 
 
   ✔ 
 
   ✔ 
 
✔ 
 
 ✔ 
 
    ✔ 
 
✔ 
 
 N.A. 
(Kelly, 2006)   ✔ ✔ 
 
    ✔ 
 
 ✔ 
 
✔ 
 
   ✔ 
 
  ✔ 
 
N.A. 
 
(Vasiu, et al., 2007) 
(Nakagawa, 1979) 
 
 
 
✔ 
 
    
✔ 
 
    
✔ 
 
 
✔ 
 
   
✔ 
 
    
✔ 
 
 
✔ 
 
 
 
N.A. 
                                                          
 
 
 
 
25Based on DuPont model - (Ahlmann, 1984). 
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Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
(Hagmark,et al.,2007) 
 
  ✔ 
 
  ✔ 
 
  ✔ 
 
✔ 
 
  ✔ 
 
  ✔ 
 
 ✔ 
 
 N.A. 
(Nilsson, et al., 2007) ✔ 
 
   ✔ 
 
   ✔ 
 
 ✔ 
 
✔ 
 
  ✔ 
 
  ✔ 
 
 N.A.26 
(Dersin, et al., 2008) ✔ 
 
   ✔    ✔ 
 
✔ 
 
 ✔ 
 
✔ 
 
   ✔ 
 
✔ 
 
 N.A.27 
(Zhou, et al., 2008)28   ✔   ✔ 
 
  ✔ ✔   ✔ 
 
   ✔ 
 
 ✔ 
 
N.A. 
(Huang, et al., 2008)29 ✔    ✔ 
 
   ✔  ✔ 
 
 ✔ 
 
  ✔ 
 
 ✔ 
 
 N.A. 
                                                          
 
 
 
 
26The approach itself is heuristic because the model has been developed based on certain situationally confirmable assumptions, but the authors did  
not address this issue. 
27The approach itself is heuristic because the model has been developed based on certain situationally confirmable assumptions, but the authors did  
    not address this issue. 
28
 Extension of (Linderman, et al., 2005) which is also based on: (Alexander, et al., 1995). The latter work was merging the work of : (Duncan, 1956) and  
(Taguchi, et al., 1989). 
29Used the cost model of (Jayabalan, et al., 1992). 
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Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
(Kister, 2008) 
 
✔   ✔     ✔ ✔   ✔    ✔  ✔ N.A. 
(Frenkel, et al., 2009) ✔ 
 
   ✔ 
 
   ✔ 
 
 ✔ 
 
 ✔ 
 
   ✔ 
 
✔ 
 
 N.A. 
(Liu, et al., 2010) ✔     ✔ 
 
  ✔ 
 
✔ 
 
 ✔ 
 
✔ 
 
 ✔ 
 
 ✔ 
 
✔ 
 
 Y30 
(Chen, 2010) ✔     ✔   ✔ ✔   ✔    ✔ ✔ 
 
 N.A. 
(Chea, 2011) 
 
(Destri, et al., 2012)31 
 
  ✔ 
 
✔     ✔ 
 
 ✔ 
 
✔ 
 
   ✔ 
 
  ✔ 
 
N.A. 
(Salonen, et al., 2011) 
 
 
 
✔   ✔     ✔ ✔  ✔    ✔   ✔ N.A. 
                                                          
 
 
 
 
30Meta-heuristic approach using genetic algorithm. 
31
 Refer respectively to activity-based costing (ABC) and process-based costing (PBC). 
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Criteria 1. Type of modeling 2. Type of problem-
solving 
3. Focus of purpose 4. Extent of 
the model 
5. Reaction of the pa-
rameters 
6. Consideration of time 7. Scope of 
application 
8. Heuristic18 
 
Expressions 
 
Math. 
(1.1) 
Non-
math. 
(1.2) 
Com-
bined 
(1.3) 
Incre-
cre-
mental 
(2.1) 
Synop-
tic 
(2.2) 
Com-
bined 
(2.3) 
De-
scrip-
tion 
(3.1) 
Ex-
plana-
tion 
(3.2) 
Deci-
sion-
mak-
ing 
(3.3) 
Partial 
(4.1) 
Total 
(4.2) 
Deter-
ministic 
(5.1) 
Stochas-
tic (5.2) 
Fuzzy 
(5.3) 
Static 
(6.1) 
Semi-
dynamic 
(6.2) 
Dynam-
ic (6.3) 
Situ. 
app. 
(7.1) 
Uni.a
pp. 
(7.2) 
Y/N/N.A. 
(Dandotiya, et al., 
2012) 
 
✔   ✔ 
 
    ✔  ✔ 
 
 ✔    ✔ ✔ 
 
 N.A.32 
(Almgren, et al., 2012) ✔    ✔ 
 
  ✔ 
 
 ✔ 
 
 ✔ 
 
    ✔ 
 
✔ 
 
 N.A. 
(van Horenbeek, et al., 
2012) 
✔    ✔ 
 
  ✔ 
 
  ✔ 
 
✔     ✔ ✔ 
 
 N.A. 
(Shafiei-Monfared, et 
al., 2012) 
 
  ✔ 
 
✔ 
 
   ✔ 
 
 ✔ 
 
   ✔ 
 
✔ 
 
   ✔ 
 
N.A. 
(Tinga, et al., 2012)   ✔ 
 
 ✔ 
 
   ✔ 
 
✔ 
 
 ✔ 
 
✔ 
 
  ✔ 
 
 ✔ 
 
 N.A. 
(Rommens, 2012) ✔   ✔ 
 
   ✔  ✔  ✔   ✔   
✔ 
 
 N.A. 
(Ierace, et al., 2013) ✔   ✔ 
 
    ✔ 
 
✔ 
 
 ✔ 
 
  ✔ 
 
   ✔ N.A. 
                                                          
 
 
 
 
32The approach itself is heuristic because the model has been developed based on certain situationally confirmable assumptions, but the authors did  
not address this issue. 
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1.4.2.1 Criterion 1: Type of modeling 
The reviewed models are mainly established based on a mathematical representation 
of the operational and economic variables. Of course, they use different mathematical 
approaches (e.g. stochastic or non-stochastic). However, the mutual aspect is formal-
izing the strength of the relation between parameters and variables using mathemati-
cal equation systems. In a few cases, the mathematical modeling is combined with 
qualitative approaches. Such models encompass the capability of generalization and 
provide a kind of guideline and instruction for MCM (cf. Combined models in Figure 
7). Combined models are practically usable and can be transferred from application 
domain X to Y due to their adaptive characteristics. However, they are complex in 
terms of design and need to be comparatively studied in various application domains. 
The smallest number of surveyed models is non-mathematical (qualitative). This 
category of modeling includes incomplete mathematical models which only visualize 
the abstract relation of economic and operational variables (factors). An example is 
the model of Hahn and Laßmann (1993). In addition, other non-mathematical models 
are only presenting conceptual approaches for managing cost elements. For instance, 
normative models recommend how to decide/to work, and how to improve the cost 
monitoring-controlling process, by gathering and using feedback and historical data. 
The results confirm the emphasis on mathematical modeling in MCM, and also indi-
cate the lack of combined approaches (cf. Figure 7). This provides opportunity for 
integrating the principles of mathematical and qualitative modeling towards creating a 
novel reference model (cf. Chapter 2).  
 
 
Fig.7.Type of modeling (Criterion 1) and number of the surveyed models associated with each 
expression. 
1.4.2.2 Criterion 2: Type of problem-solving 
The pattern for using different types of problem-solving detected through the morpho-
logical analysis (cf. Figure 8). It shows that the number of the surveyed synoptic 
models is higher than incremental ones. This reveals the major aim of surveyed mod-
els on minimizing total cost, using straightforward methods instead of continuous 
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approaches. The promising result indicates typology of models deploying incremental 
or synoptic approaches versus combined models (i.e. using synoptic and incremental 
approaches). 
 
 
Fig.8.Type of problem-solving (Criterion 2) and number of the surveyed models associated 
with each expression. 
 
As discussed earlier, incremental models consider “errors” in decision-making and 
use a feedback/feed-forward loop to compensate errors, and learn for future decisions. 
In contrast, synoptic models presuppose comprehensive information for decision-
making and therefore are based on open control chains. The major characteristics and 
features of synoptic and incremental approaches to strategic management are present-
ed in Table 4 and 5. The incremental approaches/models also suffer from lack of 
using and analyzing MCM knowledge assets. This is a barrier to identifying the opti-
mal step size for changes of economic and operational parameters in the status quo, 
and to plan and reach the minimum of total cost and optimum of maintenance activi-
ties. Combining synoptic and incremental approaches, hence, causes synergistic ef-
fects in problem-solving, i.e. supporting continuous learning from the past event and 
improving forthcoming ones. This ultimately leads to bridging the aforementioned 
gap of “planning-monitoring-controlling” in MCM. 
1.4.2.3 Criterion 3: Focus of purpose 
Most of the surveyed models deal with supporting or assisting the CMO and man-
agement for improving policy selection, trading-off between economic and operation-
al variables, and decision-making (cf. Figure 9). Through the morphological analysis, 
no descriptive model has been detected (cf. Table 6). Clearly descriptive approaches 
are not in demand, especially dealing with cost and economic attributes. Explanation 
models can support decision-making and furthermore can be advanced for developing 
decision models. As discussed earlier, each decision model is built on a class of ex-
planatory models (cf. Table 3). As a result, the analysis reveals that the focus of pur-
pose in MCM has been shifted from what-if analysis (i.e. explanation models) into the 
selection of desired decision alternatives (i.e. decision models).  
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Fig.9.Focus of purpose (Criterion 3) and number of the surveyed models associated with each 
expression. 
1.4.2.4 Criterion 4: Extent of the model 
Most of the surveyed models only carry on part of the problem domain of MCM (cf. 
Figure 10). They do not, therefore, consider the entire economic life cycle, and focus 
on considering, for example, cost attributes rather than the effect on the value chain 
and benefits. Only a few of the surveyed models claim total approaches for consider-
ing the effect of MCM on the entire maintenance and production economy (cf. Figure 
10).  
 
 
Fig.10.The extent of the model (Criterion 4) and number of the surveyed models associated 
with each expression. 
 
Moreover, partial and total models are complementary approaches. For instance, par-
tial approaches identify the relations between economic and operational parameters, 
and thus need to be used in the framework of total models to analyze a cause-effect 
relation in accordance with expected financial values and benefits.  
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1.4.2.5 Criterion 5: Reaction of the parameters 
Considering the results of the analysis for the type of modeling (cf. Criterion 1), crite-
rion 5 is used to deepen the analysis of mathematical models, and to identify the reac-
tion of parameters based on the predefined mathematical principles (cf. Table 3).  
 
 
 
Fig.11.The reaction of the parameters (Criterion 5) and number of the surveyed models associ-
ated with each expression. 
 
The study shows that the behavior of parameters in the surveyed models is mainly 
deterministic or stochastic. Only two of the reviewed models include fuzzy parame-
ters. Both are used to support the reasoning process for selection of maintenance poli-
cies in the context of MCM.  
Notably, six of the reviewed models simultaneously include deterministic and sto-
chastic elements. In particular, these models consist of, for example, a deterministic 
cost model and use a stochastic approach for optimizing the cost values. Such models 
are considered stochastic.  
Although the nature of operational and economic parameters is stochastic, the analysis 
reveals that deterministic approaches, which do not incorporate probability distribu-
tion and the random values, are also applied in the domain of MCM.   
1.4.2.6 Criterion 6: Consideration of time 
Consideration of time is an important factor for developing the models. The majority 
of models encompass the explicit or implicit representation of time variables (i.e. 
dynamic or semi-dynamic). There are two models with mixed characteristics, i.e. one 
with static and dynamic parts and one with semi-dynamic and dynamic. In Figure 12, 
these models are counted as dynamic. The results confirm the importance of incorpo-
rating time factors in the context of MCM, i.e. developing semi-dynamic or dynamic 
models instead of static. 
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Fig.12.The consideration of time (Criterion 6) and number of the surveyed models associated 
with each expression. 
1.4.2.7 Criterion 7: Scope of application 
The bulk of the reviewed models are only applicable for solving unique problems. 
This issue is revealed through detailed analysis of the surveyed papers. For instance, 
if the author(s) indicates the application domain of a model with certain constraints 
for a product or system, the model is considered as situationally applicable. Once the 
author(s), in contrast, claims a universal solution or reference model, the model(s) is 
(are) classified in the category of universally applicable (cf. Figure 13).  
The large difference in considering the scope of application puts the stress on devel-
oping more universal approaches with the capability to be adapted and customized for 
every particular situation.  
 
 
Fig.13.The scope of application (Criterion 7) and number of the surveyed models associated 
with each expression. 
0
5
10
15
20
25
30
35
40
Static Semi-dynamic Dynamic
N
u
m
be
r 
o
f a
ss
o
ci
a
te
d 
m
o
de
ls
Consideration of time
25
26
27
28
29
30
31
32
Situationally applicable Universally applicable
N
u
m
be
r 
o
f a
ss
o
ci
a
te
d 
m
o
de
ls
Scope of application
 47         Meta-analysis of Knowledge Assets for Continuous Improvement of Maintenance Cost Controlling 
 
 
 
 
 
 
 
 
 
1.4.2.8 Criterion 8: Heuristic 
Criterion 2 revealed the patterns for problem-solving in the surveyed MCM models 
(cf. Figure 8). Criterion 8 extends the analysis and compounds the insight into the use 
of heuristic or meta-heuristic approaches in the context of MCM (cf. Figure 14 & 15). 
 
 
 
Fig.14.Remarks about using heuristic or meta-heuristic approaches (Criterion 8) in the surveyed 
models (Y: Yes, N: No, N.A.: Not Available). 
 
 
 
Fig.15.Comparison of the number of heuristic or meta-heuristic approaches in the surveyed 
models. 
Most of the authors (of the surveyed articles) have neither refused nor indicated using 
heuristic or meta-heuristic approaches in MCM (cf. Figure 14 – Identifiers N and 
N.A.). Hence, a substantial lack is detected for denotation and classification of the 
reviewed models. This leads to three propositions that the heuristic or meta-heuristic 
approaches, in the context of MCM, are either obscure, unsuitable or not standardized 
terms. The evidence to confirm or reject the obscureness and unsuitableness of heuris-
tic or meta-heuristic approaches in MCM is rare. However, only (Goyal, et al., 1985) 
and (Sung, et al., 2000) directly stressed that their approaches are the heuristic meth-
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od, or that their models can be used in a heuristic procedure. In the case of meta-
heuristic models, a confusion of terms might occur because of the use of standard 
terms such as optimization or approximation methods instead of meta-heuristic. 
Therefore, it is recommended to consistently define the terms in MCM (cf. Table 3).  
Within the morphological analysis, the author has detected few models which can be 
classified either as heuristic or meta-heuristic (cf. Figure 15). Meta-heuristic ap-
proaches are the ones using a genetic algorithm except for the model of ECAY 
(Elegbede, et al., 2003). Heuristic approaches are determined based on the provision 
of solutions without guaranteeing the quality of answers, i.e. experience based or trial-
and-error approaches (cf. Table 6). 
1.5 Discussion on Criterion for Evolution of New MCM Model 
Literature of maintenance includes a large number of models. The surveyed models 
have been selected with a major focus on economic, cost management, and/or busi-
ness aspects of maintenance. Therefore, one cannot claim that this literature review 
itself covers all existing models. Nevertheless, the literature survey (cf. Section 1.3 
and Appendix 7.1) and the morphological analysis (cf. Section 1.4) which appear in 
this dissertation are unique in terms of classification of MCM models. 
The general pattern, detected through morphological analysis identifies the major 
characteristics of the surveyed models (cf. sub-section 1.4.2). It reveals the efforts to 
establish maintenance control models for bridging the gap of “planning-monitoring-
controlling”, as an important aspect in the literature of MCM. The study brings to the 
fore the major characteristics for the evolution of a novel reference model in MCM. In 
terms of problem-solving methodologies, most of the reviewing models use either 
incremental or synoptic approaches. This is a drawback to conventional MCM models 
(cf. sub-section 1.4.2.1). So a novel MCM model should be established based on new 
premises, i.e. ends (goals)-means (alternatives)33: to find the best (optimal) values 
corresponding to cost or other economic variables, while the evolution of the prob-
lem-solving is continuous. The trade-off between ends and means is achieved deploy-
ing knowledge assets of MCM (i.e. historical data, documented experiences, and 
domain expertise of the CMO) for reviewing the past events and planning future ones.  
The objective of this dissertation is to develop a novel model of MCM for combining 
principles of incremental and synoptic approaches, and to utilize knowledge assets in 
maintenance cost controlling. The synoptic models cannot bridge the planning-
monitoring-controlling gap, because of their limitation with planning. In this context, 
monitoring and controlling are related only to the operational level: “Did the staff 
carry out the planned?” But in terms of improvement of the maintenance cost control-
ling system itself, meta-information about its performance must be available. That is 
the core of justification and motivation for constructing a new model. In addition, the 
evolution of the model and its empowerment is achieved through a heuristic proce-
                                                          
 
 
 
 
33
 cf. sub-section 1.4.1 - Table 4 
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dure of testing and upgrading, i.e. trial-and-error. Hence, continuous learning from 
past events leads to the improvement of the MCM process, especially assisting the 
CMO in decision-making activities, i.e. planning-controlling maintenance program 
with optimum number of maintenance activities corresponding to the minimum of 
total cost and allocated budget. The combined approach deploys and integrates 
knowledge assets, either as explicit (or partially implicit) sources which are driven or 
used within the planning-monitoring-controlling process. This may lead to reinforcing 
the dynamic of knowledge assets, and support sustainable incremental changes to 
achieve desired organizational goals. In this way, the process of controlling will be 
merged with learning from past experiences, and ultimately leads to foster the discov-
ering of improvement potentials for the (re)-design and (re)-formulation of MCM’s 
strategies.  
Table 7.Proposed characteristics of evolution of reference MCM model 
 
Criteria Expressions 
1. Type of modeling Combined (1.3). 
2. Type of problem-solving Combined (2.3). 
3. Focus of purpose Assist CMO in Decision-making (3.3). 
4. Extent of the model Partial (4.1). 
 
5. Reaction of parameters Deterministic (5.1) – (Non-stochastic). 
6. Consideration of time Semi-dynamic (6.2). 
 
7. Scope of application Universally applicable (Reference model) (7.2). 
8. Heuristic Yes. 
 
As a result, the criteria for the evolution of the novel MCM model are concluded in 
Table 7. The proposed criteria are used in Chapter 2 and 3 for developing a new mod-
el entitled Costprove34 (cf. Chapter 2). Costprove consists of mathematical and quali-
tative models. The mathematical model is formulated, based on the incomplete model 
of Hahn and Laßmann (1993). The qualitative (non-mathematical) model also origi-
nates in two levels: operational and strategic. Costprove aims at continuous improve-
ment of MCM, through learning from past experiences (events). In order to realize 
Costprove as a tool to assist the CMO, CMMIS packages are analyzed and existing 
deficiencies are detected. The analysis results in defining requirements for implement-
ing software tools for meta-analysis of structured and unstructured knowledge assets 
in the context of MCM (cf. Chapter 3). The Costprove Toolbox (software) is present-
ed in Chapter 3.    
                                                          
 
 
 
 
34Costprove stands for two-level maintenance cost controlling system for continuous learning 
and improvement in MCM.  
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2 Costprove - Mathematical and Qualitative Reference Model for 
MCM 
2.1 Overview 
The main objective of Chapter 2 is to develop a two-level maintenance cost control-
ling system for continuous learning and improvement in MCM (Acronym: Cost-
prove). Costprove is a novel reference model to MCM and should encompass the 
proposed characteristics listed in Table 7 (cf. Chapter 1). It consists of mathematical 
and qualitative components.  
The mathematical representation (model) is developed based on the incomplete math-
ematical model of Hahn and Laßmann (1993). Costprove considers deterministic and 
semi-dynamic behavior of parameters. The mathematical model provides the rationale 
to distinguish planned and unplanned maintenance costs. It coherently represents a 
minimum of total maintenance cost corresponding to the optimum number of mainte-
nance activities. In particular, the model considers the cost/activity ratio for PM of 
single production machines, and calculates the optimal value corresponding to a num-
ber of activities and minimum of total cost. The scope of analysis is also extended to 
include all cost attributes of PM and CM activities for a number of non-associated 
machines. Finally, the calculated cost should be compared with the assigned budget 
subject to the forthcoming planning period. The shortage situation might occur due to 
the hidden/ignored costs of associated machines (i.e. series, parallel, or combined), or 
internal/external disturbances. In order to transfer the prevailing theory of Hahn and 
Laßmann (1993) and formulate the relations in terms of mathematical representation, 
two case distinctions are assumed in this dissertation.  
• Case I is to formulate a cost / activity ratio and derive the optimum number of 
maintenance activities, and minimum of total maintenance cost. It is developed 
for a single production machine, and only considers PM costs (cf. Section 
2.2). Case I is extended to employ a method for calculating total maintenance 
cost, based on time-dependent/independent cost items (including PM and CM 
costs) of maintenance for disassociated (non-associated) single production 
machines (cf. Section 2.3). 
• Case II is to verify the outcomes of Case I by examining whether the net total 
cost (excluding unplanned cost) is less or more than the assigned budget. This 
may lead to further investigations for identifying the planned/unplanned cost 
raised due to the association of the machines, or internal/external disturbances. 
They directly have an effect on overall maintenance costing. In other words, it 
is to broaden the assumption of Case I and consider the effect of shortage sit-
uation (cf. Section 2.4).  
The non-mathematical (qualitative) architecture of Costprove is designed with a 
premise of using combined principles of problem-solving, namely, synoptic and in-
cremental. Costprove incorporates the mathematical representation and considers both 
operational and management level of maintenance to continuously improve MCM. 
Costprove is used for selection of the most desirable (optimal) decision alternative. 
The alternatives are developed based on heuristic procedure using the aforementioned 
cases as well as knowledge assets of MCM (e.g. historical data, documented experi-
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ences (reports), and domain expertise of the CMO).The model is, therefore, used to 
assist the CMO in decision-making activities. The algorithm for deploying the math-
ematical model is created (cf. Section 2.6) using the qualitative model of Costprove. 
In addition, the mathematical model is simulated and validated by interviewing people 
working within the relevant departments in industry and using real use-case scenarios 
(cf. Section 2.7 and 3.3).  
2.2 Formulation of Case I 
The total maintenance cost of a single production machine is calculated as the sum-
mation of planned and unplanned maintenance cost. It comprises the planned cost of 
downtime, inspection, or repair, and unpredicted downtime, including failure and 
repair costs, and loss of contribution margin (i.e. marginal profit per unit sale) in the 
case of a bottleneck. Figure 16 reveals the ideal and synoptic representation of 
maintenance cost attributes in terms of number of standardized PM activities over 
planning period	. 
 
Fig.16.Maintenance cost of single production machine in terms of number of standardized PM 
activities (Hahn, et al., 1993).  
 
The total maintenance cost () is interpreted through indication of planned () and 
unplanned maintenance costs () as:  =  +35. The domain of the function  = () is the nonnegative real numbers ℝ = [0,∞), however, practically  is 
calculated on the basis of nonnegative integers. The function image belongs to the 
nonnegative real numbers	ℝ as well. The argument  refers to the intensity of 
maintenance activities in a certain period that affects the planned and unplanned 
maintenance cost of operation in that period. The aim is to indicate the minimum (or 
desired value) of total maintenance costs (), and consequently to determine the 
optimum number of maintenance activities (). Time-, age- and condition-based 
                                                          
 
 
 
 
35The subscripts for total (), planned (	) and unplanned (
) costs are identical with the ones 
used in the incomplete mathematical model of Hahn and Laßmann (1993). The original 
source is in German (cf. (Hahn, et al., 1993)). 
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PM policies cause certain effects on the value of . In fact,  is identified based on 
indication of the probability of failure in the context of aforementioned PM policies. 
The approach of this dissertation, however, is to concentrate on economic parameters 
(mainly cost and budget), propose the desired value of cost and operation figures in 
each planning period, and control the deviations between actual and desired values to 
improve the forthcoming planning period. Since the approach is heuristic, the desired 
value is reached depending on the quality of records obtained by the CMO from oper-
ation, and also availability of historical data and documented experiences of the past 
events. Otherwise, the CMO needs to deepen his/her knowledge within a trial-and-
error process. 
Planned cost is defined in a valid manner, whereas unplanned cost is determined 
through investigating influential factors such as (1) monetary/tactical (e.g. number of 
affected machines in the downstream value chain), and (2) non-monetary/technical 
(e.g. probability of failure). Therefore the best choice that matches with reality should 
be decided in practice by the domain expert, for instance the CMO should select the 
most suitable curve representing unplanned maintenance cost. In this dissertation, two 
types of functions are used for modeling unplanned cost of a single machine, namely 
decreasing exponentiation and power functions. These two types cover a wide range 
of curves and are quite likely to resemble real cases. 
Since the unplanned cost function is non-linear, the summation curve is expected to 
have a single (global) minimum that reveals the optimum number of maintenance 
activities () for a single production machine in a certain planning period (e.g. per 
month). This optimum is directly associated with the minimum of total maintenance 
cost () in the corresponding maintenance costing period (cf. Figure 16).  is 
the desired value for total maintenance cost.  
 
 
Fig.17. Attributes of the linear function for planned maintenance cost. 
 
The planned maintenance cost (()) is assumed to be a linear function.  con-
sists of variable ( ∙ ) and fixed costs ()	which are represented in Equation 1 as:  
  =  ∙  +                                                                                                (1), 
 	(	 = tan	) is a slope of the linear function and is related to its angle of 
cline(	) (cf. Figure 17).  is the -intercept. It points to the intersection between 
the graph of the function and the K-axis.  Indicates a cost of doing nothing 
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at		  0 , or invariable (constant) cost at 	  0. The latter is, in fact, non-realistic. 
The parameters are supported on the interval	0	, ∞	 except 
 ∈ 0, 

		. 
The unplanned maintenance cost (	) may be assumed to be a decreasing linear 
function. In this case, if  tends to upward with a greater slope than the  tends to 
downward,  will be an increasing function (cf. Figure 18 – Left graph). Otherwise, 
function leads to find 	 only at the intersection point of unplanned cost and the – 
axis (cf. Figure 18 – Right graph). This means that the optimum number of mainte-
nance activities and the minimum of total cost are only reached, when the unplanned 
cost reaches to zero. Such a case never happens in reality, and therefore this assump-
tion cannot be approved. 
 
 
 
 
Fig.18. The adopted model of Hahn and Laßmann (1993) for linear representation of unplanned 
cost. 
 
 
In the following, the unplanned cost is formulated using two major groups of non-
linear monotonic functions; first exponentiation and second power function (cf. sub-
section 2.2.1 & 2.2.2). 
 
 
2.2.1 Formulation of Unplanned Cost with Exponential Functions 
 
A decreasing exponentiation function36 representing unplanned cost is formulated in 
Equation 2:  
 
	   ∙ 
∗ ∙                                                                                           (2), 
 
where  is the base and  is the power (index).  is a real number greater than 1 
(  1). In the formulation, the minus sign is directly incorporated in the power. This 
stresses the decreasing nature of the function.  is normally a non-zero integer and 
cannot be expressed as fraction in the real world scenarios.  and ∗ are rate parame-
ters. The decreasing rate of unplanned cost might differ using the fractions or integers 
                                                          
 
 
 
 
36
 In this section, “exponential formulation” refers to the entire group of exponentiation func-
tions, and the term “exponential function” particularly refers to a case when   . 
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for the rate parameters specially ∗.  is a fixed parameter of unplanned cost which 
shows a constant value of () as  approaches infinity. The rate parameters can be 
equal or non-equal. These parameters are supported in the interval	[0,∞). 
 
Fig.19.Attributes of the decreasing exponential function for unplanned cost. 
 
Equation 3 presents the special formulation (exponential function) of unplanned cost 
where 
 = .  
 () =  ∙ ∗ ∙	 +                                                                                           (3) 
  is an irrational number approximately equal to 2.71828. As depicted in Figure 19, () has a global maximum at  = 0 which indicates the unplanned cost of doing 
nothing (=  + ). It is interpreted as -intercept as well. The total maintenance 
cost of the single production machine in terms of number of standardized PM activi-
ties is elaborated in Equation 4 as: 
 () = () + 			() = [ ∙ + ] + [ ∙ (∗)∙ + ]                      (4) 
 () has a global minimum () at		 = 	 ( ∈ ℝ). It is distinguished by 
using the first derivative test of the Equation 4 as:  
  = 0 ⇒	– ( ∙ ∗) ∙ ∗ ∙ +  = 0																																																						 
Equation 5 includes the results for equal and non-equal rate parameters of the expo-
nential function. 
 ≠ ∗ ⇒  = − ∗ ∙   	
∙∗                                                                            (5)  = ∗ ⇒  = − 1 ∙    is a nonnegative value, therefore,   and   ∙∗ must be negative, consid-
ering that the slope and rate parameters are non-negative too. This is the case if  < 1	and  ∙∗ < 1. The natural logarithm (()) is only defined for positive 
inputs, and thus the domain of the function with non-equal or equal rate parameters is: 
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	 <  	
∙∗ <                                         (6) 
0	 <  < 1 ⇒ 	0 <  <  
 
Equation 5 (and supported criteria of Equation 6) calculates the optimum number of 
PM activities of a single machine, based on the slope	() and rate 
ters(	&∗). If the calculated value for 	 is used in Equation 4, then   is 
computed. The process is shown in Equation 7:   =  =  ∙  +  +  ∙ (∗ )∙ +  
  ≠ ∗ 
⇒  = − ∗ ∙   ∙∗ +  + 	 ∙ (
∗ )∙[
∗ ∙
∙∗] +                             (7) 
⇒  = − ∗ ∙    ∙ ∗+ 	  + ∗ +  
⇒ = ∗ ∙  −   ∙ ∗!+ 	( + ) 
 
The formulation for non-equal rate parameters reveal the representation of when 
 = . The same procedure is applied for generalizing the formulation when 
 ≠ . 
Equation 8 shows the result of the first derivative test.  
 () = () + 			() = [ ∙  + ] + [ ∙ 
(∗ )∙ + ]	  = 0 ⇒	– ( ∙ ∗) ∙ 
∗ ∙ +  = 0																																																						 
 ≠ ∗ ⇒  = − ∗ ∙ "#$  	
∙∗                                                                         (8) 	 <   ∙ ∗ <   = ∗ ⇒  = − 1 ∙ log  
0	 <  < 1 ⇒ 	0 <  <  
It yields to calculate  when	
 ≠  for non-equal rate parameters (cf. Equation 9). 
  = 	
∗ ∙ − "#$  	
∙∗ + 	( + )                                                         (9)                                
 
Obviously the simplified form (without major changes) will be used when rate param-
eters are equal ( = ∗).   
Table 8 presents the summary of findings for non-equal rate parameters ( ≠ ∗). 
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Table 8. Summary of formulations for exponential modeling of unplanned cost 
Condition Formulation  =   = − ∗ ∙ 
 ∙ ∗ 
	 = ∗ ∙ 
 − 
 ∙ ∗ + 	( + ) 
	 <   ∙ ∗ <  
  ≠   = − ∗ ∙  
 ∙ ∗ 
	 = ∗ ∙  −  
 ∙ ∗ + 	( + ) 
	 <   ∙ ∗ <  
 
2.2.2 Formulation of Unplanned Cost with Power Functions 
The unplanned cost can also be formulated with a decreasing power function as 
shown in Equation 10:   =  ∙  +                                                                                               (10), 
 
where  is a rate parameter, and  is a fixed unplanned cost which is the limit of   as  approaches infinity (i.e.	 ⟶∞).  and  are supported in the interval %0,∞.	& is a constant real number. Clearly, if & = 0, then the unplanned cost is con-
stant. This assumption is out of the scope in real world scenarios. In the formulation, 
the minus sign is directly incorporated in the power. This stresses the decreasing na-
ture of the function.  is normally a non-zero integer and cannot be expressed as frac-
tion. Figure 20 depicts the adopted version of the model of Hahn and Laßmann (1993) 
using power function for formulating unplanned cost.  
 
The total maintenance cost is calculated by Equation 11:  
 () = () + 			() = [ ∙  + ] + [	 ∙  + 	]                             (11) 
 
The global minimum of the Equation 11 is discovered using the first derivative test. 
The process is shown by Equation 12:  
!"! = 0⇒  −  ∙() 	= 0		 ⇒  =  ∙ 

                                                    (12) 
 is a nonnegative value ( > 0) which should be expressed as round number 
(non-zero integer) in practice. 
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Fig.20. The adopted model of Hahn and Laßmann (1993) for representation of unplanned cost 
with power function. 
 
Finally   is calculated employing Equation 13:  
 
   ∙ 
 ∙ 
 

    	 ∙  ∙  

	
  	 
 
⇒	
   ∙ ∙ 

   ∙ ∙

	    	                                      (13) 
 
A special type of power function is reciprocal (multiplicative inverse), where	  1.  
In this context, the unplanned maintenance cost is represented in a simplified form in 
Equation 14:  
 
	    ,  ∈ 0,∞	                                                                                    (14) 
 
The total maintenance cost in terms of number of PM activities is elaborated in Equa-
tion 15 as:  
 
	  	 				   ∙     	  	,   0                            (15) 
 
Employing the general formulation developed earlier (cf. Equation 12), it yields to 
calculate 	 in Equation 16 as:  
 
   !                                                                                                               (16), 
where  ∈ 0,∞	. Using the optimum number of maintenance activities leads to 
compute minimum of total maintenance cost in Equation 17 as: 
	
   ∙ !    ∙ !


	    	                                                        (17)      
 
Table 9 presents the summary of findings.  
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Table 9. Summary of formulations for modeling of unplanned cost with power function 
Condition Formulation  =  
Reciprocal   =  
	 = ( ∙ +  ∙ ) + ( + )  ≠  
  ≠   = & ∙  

 
	 = ( ∙ & ∙ 
	 
+
+  ∙  	& ∙ 

+
) + ( + )  ≠  
2.3 Extension of Case I 
PM policies (e.g. time-, age- or condition-based maintenance) have certain implica-
tions on CM activities. CM costs are, therefore, important in the calculation of the 
minimum of the total cost. PM and CM costs are interconnected and the border to 
differentiate them is not totally clear in all circumstances. For example, repeating of a 
certain type of failure may lead to revise the maintenance program and assign more 
inspection events rather than applying CM. Although Case I principally centers on 
PM, its basic propositions for representing cost attributes cover cost of CM. In this 
section, the scope of Case I is extended to deal with all cost items of each single (non-
associated) machine, i.e. planned and unplanned subject to PM and CM such as (but 
not limited to) cost of maintenance of machines, material, manpower, process. Cost of 
maintenance activities is mostly estimated per unit of time. So, it is possible to estab-
lish a generic expression for representing the total maintenance cost of non-associated 
single production machines	' = (1, 2, … ,(), based on time-dependent and time inde-
pendent cost-intensive items. Equation 18 formulates the relation as: 
 ,## 	= 		## ∙ 	 )## + # ∙ 	 )# +⋯+ #$ ∙ 	 )$# + 	%,## 
⋮                                                                                                                              (18), ,&# = 	 &# ∙ 	 )## + & ∙ 	 )# +⋯+ &$ ∙ 	)$# + 	%,&# 
 
where the cost of maintenance activity * is defined in relation to constant cost-rate 
parameter ()$'), which stands for a rate of the activity (()*+,%). )$' represents cost-
rates for both PM and CM activities of a machine. For instance, the charge per unit of 
time for regular inspection, planned/unplanned operation downtime, renting equip-
ment, and manpower to perform activities like repair, adjustment, set-up, or assembly. 
Time-dependent parameter (&$) is multiplied by )$'. It symbolizes duration of a 
certain maintenance activity of a single machine (e.g. regular inspection time). More-
over, the residual cost of PM and CM of a machine (%,&') needs to be determined. %,&' is calculated on the basis of the charge per activity (i.e. independent of time), 
e.g. cost of purchasing a spare part, material, equipment or new machine. Like time-
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dependent cost items, residual costs are raised due to planned or unplanned mainte-
nance activities. Machine stoppage (idleness), for example, causes marginal costs 
such as the cost of downtime in the upstream machine.  
Considering Equation 18, the arrays of expression are composed matrices for calculat-
ing the total maintenance cost of each single machine over a certain maintenance plan, 
which leads to Equation 19: 
 
+,##⋮,&#, = -
## ⋯ #$
⋮ ⋱ ⋮&# ⋯ &$. ∙ -
)##
⋮)$#. + +
%,##
⋮%,&#,                                                              (19) 
 
In Equation 19, PM activities are scheduled in a certain planning period (/ = 1). 
However, maintenance activities of a machine are generally scheduled in / =
(1,… , 0) planning periods. For example, a year can be divided into four planning 
periods (quartering), and thus	0 = (1, 2,3,4). The CMO is responsible to define the 
maintenance program, including the time-plans and schedules. Considering various 
maintenance plans and a group of non-associated machines, the formulation of Equa-
tion 19 should be further developed. In particular, for 0 numbers of maintenance 
events (maintenance schedules) and ( non-associated machines, the matrix represen-
tation in (' × /) dimension is elaborated in Equation 20:  
 
 
+,## ⋯ ,#'⋮ ⋱ ⋮,&# ⋯ ,&', = -
## ⋯ #$
⋮ ⋱ ⋮&# ⋯ &$. ∙ +
)## ⋯ )#'
⋮ ⋱ ⋮)$# ⋯ )$',+ +
%,## ⋯ %,#'
⋮ ⋱ ⋮%,&# ⋯ %,&',      (20) 
  = 1	 ∙ 2	+ 	- 
 
The outcome of Equation 20 is a matrix () in which each element is representing 
total maintenance cost of a single production machine ' = (1, 2, … ,() over distinc-
tive maintenance plans	/ = (1, 2, … ,0). Table 10 reveals the expression of parame-
ters of Equation 20.  
In the formulation of Equation 20, two types of terms are used. First is 
planned/unplanned, second time-dependent/independent. These terms might be con-
fusing. In the context of the mathematical model, these terms are defined as follows: 
• Planned/unplanned refers to any type of maintenance activities which is 
identifiable/non-identifiable in a valid manner. So it does not address the 
time parameter or dependency of the item. For example, inspection is 
planned and time-dependent, while purchase can be planned but it is time in-
dependent. Here, time dependency means that the item can be rated as  .)+,%.  
• In Equation 20, matrices (2)	and (-) are time-dependent and independent, 
respectively.  
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Table 10.Expressions of the parameters of the matrix equation 
Parameter Dimension  Expression  ,/0 Total maintenance cost (i.e. identifiable planned or unplanned 
cost) for the machine  = (1, … ,) within the maintenance 
plan  = (1, … , ) 
  
Cost unit  
1/1 Time-dependent parameter for maintenance of machine  = (1, … ,) corresponding to maintenance activity  =
(1, … , ) 
 
Time  
21037 Cost rate of maintenance activity  = (1, … , ) over mainte-
nance plan  = (1, … , ) 
  
Cost/Time  
-,/0 The residual maintenance cost for machine  = (1, … ,)  
within the maintenance plan  = (1, … , ) 
  
Cost unit  
 Number of machines 
 
--- 
 Number of maintenance plans 
 
--- 
 Maintenance activity 
 
--- 
Furthermore the cost-rate parameters and residual maintenance cost can be broken 
down into sub-components considering the classification of cost into two categories 
of planned and unplanned.  
2 = 223 + 243 = +)## ⋯ )#'⋮ ⋱ ⋮)$# ⋯ )$',56 + 	 +
)## ⋯ )#'
⋮ ⋱ ⋮)$# ⋯ )$',76                              (21) 
 
 
-=-23 +-43=+%,## ⋯ %,#'⋮ ⋱ ⋮%,&# ⋯ %,&',56 + 	 +
%,## ⋯ %,#'
⋮ ⋱ ⋮%,&# ⋯ %,&',76                  (22), 
where subscripts () and ( ) refer to planned and unplanned classification of the 
matrices of cost-rate parameter and residual cost, respectively. Therefore, Equation 20 
is extended as (cf. Equation 23):  = [1	23 ∙ 223 + 1	43 ∙ 	243] + [-23 +-43]                                              (23) 
As a result, extension of Case I leads to the formulation of the matrix expression for 
computing total maintenance cost of non-associated single machines, based on time-
dependent and independent cost-intensive maintenance activities. Case I and its ex-
tension have a substantial contribution to develop the mathematical components of 
Costprove. The incomplete mathematical model of Hahn and Laßmann (1993) repre-
                                                          
 
 
 
 
37
 A standard list of cost rates can be created to fill the matrix (!). However, all considered cost 
items are not necessarily applied in each plan or for each machine. They should be identified 
in each use-case scenario.  
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sents the cost-activity relations without any indication regarding cost-time relation, 
and it indirectly considers the maintenance plans. So the matrix representation pro-
vides a basis for validating the calculated values for minimum of total cost corre-
sponding to the optimum number of maintenance activities. In this context, the out-
comes of equations presented in Table 8 and 9 can be validated or adjusted using the 
extension of Case I. The cooperation of both groups leads to the upgrading of the 
accuracy of calculations and estimations of coefficients and parameters. This issue is 
further discussed in Section 2.5 and 2.6. 
2.4 Formulation of Case II for Preventing Shortage Situation 
Case I and its extension mainly discuss maintenance costing of a single machine and 
further disassociated single machines. It fundamentally bridges analysis of a single 
machine to a set of machines. However, Case I does not consider the connection and 
association of machines. In production systems, two major types of association are 
distinguishable as serial and parallel. These two types can be joined as schematically 
sketched in Figure 21. 
 
Fig.21. Schematic arrangement of machines in combination of serial and parallel association38. 
In practice, the CMO should assign a certain budget for maintenance activities of (a 
set of) machines in a certain period (0). He/she essentially should know how to reach 
the minimum of total maintenance cost through the optimal distribution of mainte-
nance activities and estimation of the association effect of the machines. Coincidental-
ly, the CMO needs to prevent exceeding the budget limit (i.e. shortage situation). 
Therefore the budget is known and distribution of maintenance activities with respect 
to the type of association is unknown. In addition to the effect of association, internal 
and external disturbances may raise extra costs. Examples are operational disturb-
ances like sudden lack of physical or human resources, and also business disturbances 
such as economic crises and changes. A figure of merit is required here to examine: 
(i) in the planning phase, whether the planned cost is sufficient, and  
(ii) in the controlling phase, whether the planned cost was significant. 
                                                          
 
 
 
 
38
 The image is sketched by the author for a better understanding of the content.  
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This process ultimately leads to learning from past experiences within the planning-
monitoring-controlling of MCM. 
A shortage situation occurs when the total budget for a set of machines (including 
serial or parallel association), in the presence or absence of disturbances, is less than 
the net sum of total maintenance cost. The figure of merit for the shortage situation is 
represented in Equation 24 as: "#$	%$&$%:'() < ∑ (		
 − ' !)                                                         (24), 
where 345 stands for the “Total Maintenance Budget” assigned to the CMO by the 
top management. + is the minimum of total maintenance cost of a machine	6 (cf. 
Table 10 where	( = 6 ).  + is calculated using Case I and its extension (cf. Tables 
8 & 9, and Equation 20).	37)+ denominates the “Total Unplanned Cost” of the ma-
chine (6) in the certain planning period (0). 37)+  is formulated in Equation 25 as:  892 = 1	43 ∙ 243 	+-43                                                                               (25) 
Firstly, Equation 24 calculates the net value corresponding to the minimum of total 
maintenance cost of a single machine (i.e. subtracting unplanned cost from total cost). 
Minimum of total maintenance cost is used to incorporate the lower limit that is ap-
plied for each machine. Then the summation (∑ (898: − 8928)) produces the net 
sum of total maintenance costs of ( single machines. The net summation is required, 
because maintenance budget mainly covers planned and identifiable maintenance 
cost. The unplanned cost is the unidentifiable portion of the cost, either as time-
dependent (1	43 ∙ 243) or residual (-43). The result of net summation is coher-
ently compared with the assigned budget for the planning period	0. 
In conclusion, the figure of merit (Equation 24) is a measure for examining the accu-
racy in the planning phase of forthcoming events, learning from the past experiences, 
and preventing the occurrence of a shortage situation. In the case of a shortage situa-
tion, the CMO must recalculate the minimum of total maintenance cost of the ma-
chines. He/she in turn should redistribute the budget based on the riskiness of ma-
chines for the next period (e.g. due to ageing). Basically risky machines are very sen-
sitive in terms of unplanned maintenance cost, and therefore the maintenance budget 
should be distributed in a way to provide adequate coverage for high risk machines.  
2.5 Overall Findings and Limitations of Mathematical Modeling 
As mentioned earlier in Section 2.2, planned cost () of a single machine is deter-
mined in a valid manner (mode). Case I is developed within a heuristic procedure 
whereby the CMO identifies , based on existing documentation (e.g. historical 
data or technical reports) as well as his/her domain expertise. Here the quality of ac-
cumulated maintenance records (in CMMIS databases) and competence of the CMO 
are significant. In contrast to planned cost, determining unplanned cost ()) is diffi-
cult in an empirical way and requires the investigation of downtime consequences 
(e.g. for associated machines, processes, human resources, logistics and business 
process). ) , therefore, is an opportunity cost which provides a possibility for im-
proving MCM. Using the Case I, the CMO needs planned or unplanned costs to find 
the minimum of total cost and optimal number of maintenance activities. The exten-
sion of Case I also supports the CMO for improving the modeling of the maintenance 
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cost by scaling up the number of machines (production lines), and considering differ-
ent maintenance planning periods (including past and forthcoming events). 
Table 11.The developed formulations of Costprove (Case I and Case II) 
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Moreover, the CMO on his/her own cannot assure whether all calculations are right. 
A kind of system should assist the CMO to get a good grasp of modeling for calculat-
ing the maintenance cost of machines. Case II is used to review and control the previ-
ous planning period and improve the calculations for the forthcoming ones. In particu-
lar, it examines whether the estimated costs in Case I is realistic in comparison with 
the assigned budget. Otherwise the reasons for extra cost should be investigated (i.e. 
by indicating deviation from the desired values) and the calculations should be repeat-
ed.  
In practice, a certain budget is assigned by the department of accounting for overall 
maintenance of the machines arranged in association or disassociation in the manufac-
turing/production line. Case I hypothetically estimates the unplanned costs of each 
machine through curve matching (cf. Section 2.2). The CMO starts calculating for a 
new planning period, and selects a curve which gives adequate results. This result is 
used for a maintenance costing, and accordingly related outcomes and monetary im-
plications will be monitored and controlled for improving the next planning period, so 
called planning-monitoring-controlling. Case I and II together are the components of 
the mathematical reference model of Costprove. Table 11 summarizes the formula-
tions developed in the context of Costprove for Case I and II. 
The mathematical reference model is built through the use of a certain assumption and 
therefore has certain limitations. In terms of mathematical representation, only mono-
tonic functions are used for modeling planned and unplanned maintenance cost (cf. 
Section 2.2 - Case I). Basically a monotonic function preserves the given order. A 
function is monotonically decreasing, if for all  and ; such that  ≤ ;⇒ 	< ≥
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<(;). A monotonically increasing function fulfills the reverse inequality (< ≤<(;)) whenever  ≤ ;. The representations of planned and unplanned maintenance 
cost are assumed as monotonically increasing and decreasing functions, respectively. 
Monotonic representation of planned and unplanned cost assumes no impulse/drifts in 
the cost. The total maintenance cost has a global minimum which is a turning point to 
change the slope of its function as well. Before the global minimum, the total mainte-
nance cost is monotonically decreasing and after likewise increasing. This phenome-
non is expected in practice. However, it does not determine disturbances to mainte-
nance costing originating from internal/external sources, and business processes (such 
as effects of financial crises, unexpected lack of resources). In addition, the formula-
tions always assume that the curves are developed in a continuous form. In reality 
cost and operational entities are scattered and the relation between selected values 
of	 and observed value of ; should be discovered using statistical methods. The 
mathematical model is not aimed at interpolating empirical data. It is used in a heuris-
tic procedure to assist the CMO. The model is designed to provide reference values 
for assisting the CMO in planning-monitoring-controlling of MCM. It requires the 
interaction of the CMO, because the model is not self-adaptive. Notably, the model 
only considers maintenance cost and not the entire economic aspects of maintenance 
life cycle.  
As a result, the mathematical reference model provides entries for meta-analysis of 
maintenance cost figures which enables the CMO to adapt and improve maintenance 
costing, and consequently the management of maintenance (cf. Chapter 3- Section 
3.4). The qualitative model and algorithm for deploying Case I and II in a real world 
scenario are presented in Section 2.6. To prove the capability and usability of the 
model, Section 2.7 discusses the simulation and validation of the model using a sam-
ple use-case scenario.  
2.6 Qualitative Modeling and Conception of Costprove 
The primary objective of this dissertation is to establish a combined model to support 
the CMO in the cost controlling processes. The model, Costprove, should deploy 
knowledge assets of maintenance for improving MCM through continuous learning 
from the past events (former planning periods) and experiences. The reason is that the 
CMO is usually engaged in decision-making activities. So he/she should employ 
knowledge assets such as maintenance records, technical reports, his/her domain 
expertise and experiences.  
The desired characteristics of the model have been discussed in Table 7 (cf. Chapter 
1). Development of the mathematical model is a major step to fulfill Criterion 1 (i.e. 
type of modeling), and also Criterion 4 to 7 (i.e. extent of the model, reaction of pa-
rameters, consideration of time, and scope of application). At this point, it is im-
portant to establish a qualitative model to combine a mathematical and non-
mathematical approach to modeling. The combined model should also simultaneously 
encompass synoptic and incremental principles of problem-solving (cf. Criterion 2 of 
Table 7). In addition, the model should be applied in a heuristic procedure. This ulti-
mately results in exploring existing knowledge assets and exploiting new knowledge 
in MCM. In this section, aforementioned features are considered for qualitative mod-
eling and conception of Costprove.  
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In the context of MCM, the CMO needs to understand not only the way the plant 
operates, but also its relationship to the business objectives and annual budget provid-
ed by the CEO39. He/she should know the precise maintenance capacity, i.e. physical, 
human, and intellectual resources. Furthermore, there are numerous inter- and intra-
organizational factors influencing the MCM process, such as department relationship, 
industrial relation, safety, or labor market. Figure 22 depicts the two-level structure of 
Costprove (i.e. Qualitative model). It consists of a meta-level (A-B-C), and basic or 
object-level (D-E-F). The process flow consisting of the blocks D-E-F is a closed 
loop, in that maintenance operation is planned and conducted. Sub-loop D-E is to 
monitor the maintenance process and related activities. The attainment of the planned 
goals is monitored and reported to meta-level, i.e. fulfilling operational objectives 
(PM and CM programs and work orders) based on planned cost and available budget. 
The CME uses standard mathematical models/KPIs (cf. Component E) to plan and 
monitor maintenance operations and related expenditures. These mathematical models 
or KPI can differ based on the requirements for each special use-case scenario (cf. 
Appendix 7.1). He/she is, therefore, assisted to plan, conduct or predict maintenance 
schedules, programs and events in the plant (cf. component F). Ultimately the CME 
can estimate required resources, budget and planned costs for the financial calendar 
(such as forthcoming months, or year). Also the CME can optimize workload and 
interval of tasks to comply with the given budget (cf. component C). Only those activ-
ities which are successfully tested in the sub-loop will be realized, and, of the realized 
ones, only the approved activities are documented and reported by the CME. Thus the 
object-level includes an internal step in learning from the initial estimations and im-
proving the planning and monitoring of maintenance.  
Moreover, the chief aim of the CME is to efficiently employ physical resources and 
labors within the maintenance schedule to keep the operation system (production 
system) available and reliable. To this extent, he/she deals with operation and engi-
neering disturbances such as lack of physical or human resources, environmental, 
safety and longevity requirements. Both types of disturbances impose additional (un-
planned) costs. Thus, the CME has to utilize monitoring, planning and evaluation 
tools/models to regularly analyze collected data, and combine the empirical analysis 
with statistical or probabilistic models to predict upcoming event and preserve the 
maintenance operation stable. In practice, the CEO uses the CMMIS and computer-
aided solutions for managing the activities of the object-level (D-E-F)40.  
                                                          
 
 
 
 
39Since the CMO is responsible for strategic management of maintenance, he/she should be 
able to co-operate and communicate with the CME to capture operational data. The responsi-
bility of the CMO and CME might differ based on organizational structures. In this disserta-
tion, operational tasks are assigned to the CME and strategic tasks to the CMO. Thus the 
CME is working under the authority of the CMO (cf. Chapter 1- sub-section 1.2.2).   
40Features and functionalities of the CMMIS are discussed in Chapter 3.   
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Fig.22. Qualitative modeling of Costprove– Conception41. 
At the meta-level, the CMO is responsible of controlling whether the planned opera-
tional objectives are achieved, based on estimated (planned) cost and available budg-
et. The process of controlling is to (1) assess and examine the desirability of the cur-
rent (actual) state, (2) detect improvement potentials, and (3) (re)formulate strategies 
for the next planning period (e.g. financial year). The CMO receives feedback via 
multiple channels. He/she monitors the activities of the CME and has direct access to 
operational information. The CMO has to communicate with senior managers (CEO) 
                                                          
 
 
 
 
41The theory of designing multilevel systems was initiated by Mihajlo D. Mesarovic cf. 
(Mesarovic, et al., 1970). A two-level (dual loop) model for production management was 
originally proposed by Hans Blohm cf. (Blohm, 1977). Both approaches have inspired the 
conception of Costprove.  
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to assure accomplishment of business (production economy) objectives. Therefore, 
he/she should consider multiple factors in making decisions. The CMO is bridging the 
“planning-monitoring-controlling” gap, by indicating deficiencies and improvement 
potentials, (re)design of strategies, and refining the budget estimates. Thereby the 
CMO controls and supervises the proper function of the D-E-F loop, and considers 
organizational preferences and expected business disturbances (e.g. increase of wages 
due to economic crises, financial or stock market changes, legal issues). To make a 
decision, the CMO needs to identify assumptions, define certain alternatives, estimate 
risks and select the best solution (cf. sub-loop A-B). The CMO can distinguish and 
describe the problem, but to (re)design strategies he/she crucially should be aware of 
historical data and collected information within maintenance activities. The CMO 
uses the CMMIS database to review the documentations regarding the current state of 
operation and expenditures. He/she, therefore, may effectively use his/her domain 
expertise, and combine it with related objective analysis of maintenance records. 
Considering the substantial contribution for further development of the synoptic mod-
el of Hahn and Laßmann (1993) (cf. Table 11), the CMO has a reference model that 
can be used to incrementally improve planning-monitoring-controlling activities. The 
mathematical model is used to estimate planned and unplanned cost, calculate a min-
imum of total maintenance cost and accordingly optimize the number of maintenance 
activities (i.e. economic approach to MaM). The model benefits the CMO to 
prove/reject the hypotheses deduced through analysis and review process. 
The qualitative model of Costprove (cf. Figure 22) consists of both operational and 
managerial layers. In the D-E-F loop, the maintenance operations are conducted e.g. 
for production system/plant, including manufacturing machines like rolling, welding, 
drilling, etc. The association of machines can differ from serial, parallel or hybrid 
(combination of serial and parallel). Costprove mainly deals with financial data, i.e. 
planned/unplanned cost and budget as well as operational meta-data, e.g. number of 
PM activities. Financial data collected from maintenance operation system are used 
firstly to plan and monitor the system, and secondly to control achievement of the 
predefined objectives of maintenance costing. Firstly, in the loop D-E-F, it is signifi-
cantly important to consider major operational factors such as number of maintenance 
activities, time intervals, assigned physical and human resources, a machine’s life-
time, and secondly to distribute the planned budget for the operational expenditures. It 
is also necessary to comply with availability and reliability requirements of the pro-
duction system. In this way, standard PM or CM methods can be used. For the cost 
life cycle, it is important to document expenses in accordance with budget. This pro-
cess should monitor accomplishing planned cost of the financial calendar, and identify 
unplanned cost raises within the time period. In the A-B-C loop, the major data 
sources are cost and budget sheet acquired from the operational layer. Plus, the CEO’s 
objective should be taken into account, such as the assigned budget for new financial 
calendar and related production economy’s objectives, which may be influenced by 
expected business disturbances (e.g. intra-organizational factors). Evaluating the cur-
rent situation is tailored to monitoring the cost life cycle and detecting improvement 
potentials in the estimation of planned and unplanned cost as well as distribution of 
budget for maintenance of machines. In this line of reason, two case distinctions are 
useful (cf. Section 2.2, 2.3 and 2.4). The analysis firstly starts by focusing on the cost 
of a single machine or disassociated machines (Case I and its extension), and resumes 
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the examination of whether the estimated cost is realistic and valid in corresponding 
to the given budget (Case II). In Case II the association of machines may cause extra 
maintenance cost. For example in the value chain, stoppage of a machine can raise 
overload for upstream or minor load for downstream machines. This is an important 
factor to discover unrecognized (planned and unplanned) costly-items in Case I. Ad-
ditional influential factors are internal and external disturbances such as operational, 
engineering and business-related disturbances. In the case of a shortage situation, the 
CMO should investigate ignored or hidden cost items. The CMO can iteratively re-
peat the steps to prove his/her hypotheses, and decide for assigning and 
(re)distributing the budget for the next planning period. Also, the CMO has enough 
evidence to discuss with the CEO and CAO for the adoption of the budget, if neces-
sary, and to (re)-formulate or (re)-design operation strategies in cooperation with the 
CME. Hence a learning process occurs which should be documented. The entire pro-
cess is continued by applying the updated strategies and gathering new data for the 
next planning period.  
Table 12.Guideline to identify tasks of planning-monitoring-controlling in Costprove 
 
Planning 
(in period + with 
figures for period 
 + 1) 
Monitoring 
(in period  + 1 with 
figures for period  +
1) 
Controlling 
(in period  + 1 with 
figures for periods  and 
 + 1) 
 
Planned 
maint. cost 
Defining the parame-
ters , , - as targets, 
based on experience, 
historical data, and 
actual goals of the 
company  
Achieving the real 
parameters from the 
period  + 1 
Comparison of planned 
and realized figures, 
analyzing the deviations 
 
Outcome: 
Information to improve 
efficiency of mainte-
nance and efficiency of 
planning 
Unplanned 
maint. cost 
Formulation of the 
cost function, includ-
ing defining the pa-
rameters as a progno-
sis, based on assump-
tions, historical data, 
etc.  
Achieving the real 
parameters from the 
period  + 1 
Comparison of predict-
ed and realized figures, 
analyzing the deviations 
 
Outcome: 
Information to improve 
the forecast of the pa-
rameters of unplanned 
cost in period  + 2 
 
Total 
maint. cost 
Calculating the sum of 
planned and un-
planned costs 
Calculating the sum of 
planned and unplanned 
costs 
See above 
Number of 
maint. 
activities 
Calculating optimum 
by minimizing total 
cost 
Ascertaining the actual 
number 
Analyzing the devia-
tions, improvement of 
the planning process in 
period  + 2 
 
The tasks of planning-monitoring-controlling in the context of Costprove are de-
scribed and detailed in Table 12. It elaborates the major tasks in each phase (i.e. plan-
ning, monitoring and controlling) in relation to the parameters of the mathematical 
model (i.e. planned/unplanned cost, total cost and number of maintenance activities). 
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On this basis the algorithm for employing Costprove is developed (cf. Figure 23). The 
algorithm is executed in 18 steps which are instructed as follows.   
 
 
 
 
 
 
 
 
 
 
 
Step 1: Start implementing the Equation 23 
→Knowledge assets: (1) documentations of each machine, (2) documen-
tation of past/running planning period, and (3) documentation of the given 
budget for the forthcoming period 
Step 2: Generate matrices for planned cost rates ()56) and residual cost (%56)  
Step 3: Generate time matrix (56) for each planned maintenance activity 
Step 4: Multiply time matrix cost rate for planned maintenance cost (cf. Step 2) 
Step 5: Sum results of Step 4 and residual cost (cf. Step 2)  
     → Outcome: Total planned cost matrix of each single machine (56) 
Step 6: Identify desired value for the attributes ( , ) of the planned cost (cf. 
Equation 1) 
Step 7: Identify the planned cost function () of each single machine 
Step 8: Estimate parameters of unplanned cost () , )) (cf. Table 8 and 9)  
→ Note: Also ∗	and	& should be estimated depending on the type of se-
lected curve (cf. Table 11) 
Step 9: Identify unplanned cost function of each single machine (	) 
Step 10: Calculate total cost function of each single machine (	) 
Step 11: Estimate and generate unplanned cost rates ()76) and residual cost  
      (%76), considering 56 and 	 
Step 12: Examine the estimations of unplanned costs in comparison with historical   
data, IF (the results are not realistic) THEN (Redo steps 8-9-10-11) OR 
ELSE proceed to Step 13 
Step 13: Estimate and generate time matrix (76) of unplanned maintenance  
      activities (cf. Table 11) 
Step 14: Calculate matrix of total unplanned cost (37)) (cf. Equation 25) 
Step 15: Calculate total cost matrix () 
Step 16: Calculate minimum of the total maintenance cost ()  
       → Use results of Steps 6 and 8 (cf. Table 11) 
Step 17: Calculate the optimum value of the number of maintenance activities  
        () (cf. Table 11) 
Step 18: Examine the shortage situation (cf. Equation 24) 
      →IF (Shortage occurs) THEN (redo from Step 1)  
         OR ELSE start forthcoming planning period  
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Fig.23. The algorithm for deploying the mathematical model in the context of Costprove. 
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As a result, Costprove is a cost controlling model made up of components which 
support the entire process of planning, monitoring and thus controlling in MCM. It 
uses a feedback loop to exchange data between meta- and object-level, transmit feed-
back information from object- to meta-level, and in contrary objectives and budget 
information from meta- to object-level. Costprove also employs feed-forward to em-
ploy expected business and engineering disturbances before their impacts reach the 
system (cf. Figure 22). 
The Costprove model presents a general approach that should be customized for vari-
ous application contexts. This issue is discussed in Section 2.7.   
2.7 Application Study of Costprove 
In this section the Costprove model is simulated for a sample use-case scenario. First-
ly, an overview about the use-case is given. Secondly, the opportunities detected for 
improving MCM through use of the Costprove model are discussed.  
The vessel manufacturing company (VMC)42 produces pressure and storage vessels, 
vessels’ parts and also provides manufacturing services. The production type is engi-
neer-to-order. The annual percentage of the production tonnage is depicted in Figure 
24.  
 
 
 
Fig.24. Annual percentage of production tonnage for product and manufacturing services. 
 
The manufacturing plant of VMC consists of nine work stations (WS). The layout of 
the plant is sketched in Figure 25. VMC implements PM, emergency maintenance and 
CM programs. Considering work orders and the type of products, the annual mainte-
nance cost varies between 5-15% of the total production costs. Table 13 reveals de-
tails of VMC’s maintenance costs.  
 
                                                          
 
 
 
 
42
 Detailed information about the company is available with the author.  
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Fig.25. Layout of the use-case production plant sketched by the author 
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Table 13.Type and percentage of maintenance cost at VMC 
 
Type of maintenance cost Percentage  
Preventive repairs  15 % 
Spare parts 55 % 
Human resources 10 % 
Process-related 15 % 
IT and information systems 
~2 % 
Management 
~3 % 
 
The task of finding an appropriate use-case is quite difficult due to the importance and 
security of cost data for manufacturing companies. The case study in the context of 
VMC is defined based on the real data and accordingly the records have been adjusted 
by defining criteria for simulation of the results. Therefore the values do not express 
the real cost or the number of activities, and the records have been adopted to fulfill 
required test data for validation of the mathematical model in collaboration with the 
domain expert. The case study is implemented for cost controlling of two computer-
ized numerical control (CNC) machines shown in Figure 25. Both machines are iden-
tical; however, CNC_1 reached 60% of its lifetime while CNC_2 passed 30%. The 
analysis is applied in the course of annual cost planning periods of the machines. 
The procedure of the analysis is defined in certain steps as:  
1. CMO provides the actual number of PM activities and associated total cost 
over the planning periods as well as his/her estimations for optimal values 
2. CMO uses the mathematical model (based on the algorithm presented in 
Figure 23) and starts initiating the calculations based on his/her domain ex-
pertise 
3. CMO validates the calculations based on the procedure described in Figure 
23 (criteria for shortage situation) 
Propositions used by the CMO: 
1. Maximum budget assigned to PM is 8,000 for both machines in each plan-
ning period 
2. Maximum number of PM activities should not exceed 70 per planning peri-
od for each machine 
The actual state of maintenance planning does not fully match with the desired values 
in all planning periods. The results of the analysis are presented in Table 14. It consist 
of four columns representing (1) empirical data gathered from reports of the engineers 
and operators, (2) the optimal situation estimated by the CMO without use of the 
mathematical model, (3) the optimal situation estimated by the CMO with the use of 
the Costprove and (4) the detected opportunity cost. Notably, the cost quantities are 
disassociated with standard units of measurement. 
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Table 14. Result of the case study in VMC 
 
Empirical data recorded from the actual situa-
tion in planning period 	 
Optimal situation 
estimated by CMO  
without Costprove model  
for planning period +  
 
Optimal situation 
estimated by CMO with 
Costprove model for plan-
ning period +  
 
Opportunity cost (dif-
ference between optimal 
estimations) 
Maintenance 
plan 
Type of 
machine 
Number 
of actual 
PM 
Actual 
total cost 
 
Optimum 
number of 
PM 
Optimum 
total cost 
 
Estimated 
PM 
Estimated cost Saved 
cost 
 
Percentage 
1 CNC_1 67 5834.00 62 5500.00 58 5389.00 111.00 ~ 2.02 % 
1 CNC_2 54 2510.00 52 2300.00 48 2134.50 165.50 ~ 7.20 % 
2 CNC_1 75 6200.00 69 5800.00 63 5450.00 350.00 ~ 6.04 % 
2 CNC_2 58 2590.00 52 2450.00 49 2185.50 264.50 ~ 10.79 % 
Total 17134.00  16050.00  15159.00 891.00 ~ 5.55 % 
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2.8 Discussion 
 
Costprove is a reference model for assisting the CMO in the MCM and related deci-
sion-making activities. The model reinforces cost controlling and leads to durable 
decisions in the long-run. The model is innovative and effective due to the integration 
of two-level in one frame, and also the use of knowledge assets, respectively. In Table 
15, the identifiers of the criteria for the design and development of Costprove are 
summarized. It assures the achievement of the predefined objectives (cf. Chapter 1 – 
Table 7).  
 
Table 15.Identifiers of predefined criteria in the Costprove model 
 
Criteria Expression Identifiers 
1.Type of mod-
eling 
 
Combined (1.3)  Mathematical reference model (cf. Table 
11). 
 Qualitative model of Costprove (cf. Figure 
22). 
 Guideline to identify tasks (cf. Table 12). 
 Algorithms for deploying the mathematical 
model (cf. Figure 23). 
2. Type of prob-
lem-solving 
Combined (2.3)  Synoptic: Targeting optimum and mini-
mum values for maintenance activities and 
total cost. 
 Incremental: Iterative approach, use of 
maintenance records such as historical data 
or experience, integration of feedback, 
closed-loop architecture.  
3. Focus of 
purpose  
Assist CMO in Deci-
sion-making (3.3) 
 Providing evidences (facts/artifacts) for 
assisting CMO in decision-making. 
 Deepening CMO’s insight into MCM. 
4. Extent of the 
model 
Partial (4.1)  Covers only cost/activity ratio. 
 Does not cover all maintenance cost life 
cycle and production economy factors. 
5. Reaction of 
parameters 
Deterministic (5.1) – 
(Non-stochastic) 
 
 There is no probability distribution in the 
formulations. 
 Uses non-random evolution of parameters. 
6. Consideration 
of time 
Semi-dynamic (6.2)  The mathematical model does not include 
explicit time parameters. 
 The model considers evolution of parame-
ters over time span. 
 Only time rates are used in the matrices for 
calculating cost of time-dependent activi-
ties (cf. Table 11). 
7. Scope of 
application 
Universally applica-
ble (Reference mod-
els) (7.2) 
 Costprove is developed in a generic form to 
be customizable for a group of problems 
not only for one type of machines. 
8. Heuristic Yes  The model is developed in heuristic proce-
dure and therefore could not guarantee the 
attainment of the desired result in the first 
use.  
 The formulation is simplified to support 
easy-use of CMO. 
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The case study is carried out using real data provided by VMC (cf. Section 2.7). It 
compares the actual state of cost controlling and optimal situations estimated by the 
CMO in two different ways, first using his/her domain expertise and second with the 
assistance of the mathematical model. Use of the Costprove model, in this example, 
has raised opportunity for cost saving, for instance, through comparing the calcula-
tions of the CMO without and with the use of the mathematical model (cf. Table 14).  
At this point it is quite important to consider conditions and restrictions for using the 
Costprove model. These are listed in the Table 16. 
 
Table 16.Conditions and restrictions for employing Costprove in practice 
 
Recommended 
situations 
Scope of use 
Planning  • Zero-based budgeting.  
• History-based budgeting.  
• Identification and analysis of MCM alternatives. 
Monitoring • Comparing the actual and planned state of cost and activities.   
• Early stage detection of shortage situation.  
Controlling  • Detecting of planning gaps, i.e. hidden/ignored costs. 
• Improving the forthcoming planning.  
• Providing feedback for the operations, i.e. engineers and operators. 
Restricted situations 
Real time planning: The model is used once the planning is initiated or should be closed. 
Therefore, it cannot provide real time assistance.   
Condition monitoring: The model only provides assistance in post-analysis of maintenance 
programs, i.e. once maintenance plan X is closed and the forthcoming plan Y should be 
initiated.  
Intelligent assistance: The model does not provide automatic decision support.  
 
The Costprove model assists the CMO in decision-making towards bridging the gap 
of “planning-monitoring-controlling” using a heuristic procedure. Thus, it employs 
undefined constants and parameters that should be valued for every certain use-case 
scenario, through investigation of historical data (if any available) and interaction of 
the CMO (domain expert). Moreover, Costprove should support continuous im-
provement and learning from past events (decision on cost planning). To this extent, 
the model supports (1) cost planning, (2) monitoring attainment of predefined 
goals/outcomes, and (3) controlling the outcomes, detecting knowledge gaps in plan-
ning, and upgrading the hypotheses for the forthcoming planning period. Hence the 
evolution of the model is occurring within a heuristic procedure. Even though the 
nature of some of the employed variables might be stochastic, the model deploys a 
combined approach that initially calculates the optimum values in a synoptic way, and 
then corrects/updates the calculation and compensates any drifts from empirical val-
ues incrementally. So the initial instance of planning (decision-making) is straight-
forward; for instance the CMO identifies planned cost, estimates unplanned cost, 
calculates the minimum of total cost and accordingly identifies the number of mainte-
nance activities (cf. Table 12). But the drift from reality (empirical data) is corrected 
in the controlling process. In this way the model bridges the gap of “planning-
monitoring-controlling”. 
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The main approach used in Costprove is underlying a premise that planning-
monitoring-controlling is implemented by the interaction of humans such as the 
CMO. The MCM is, thereby, controlled semi-automatically. The estimations of the 
model become accurate through the development of planning-monitoring-controlling 
especially when the CMO learns from the failures and lacks of the past planning peri-
od, and applies required changes in the forthcoming one. Thus, implementing and 
evolution of the model within a heuristic procedure with the interaction of the domain 
expert provides the possibility for continuous learning and improvement. Considering 
the above-mentioned procedure, internal and external disturbances to the MCM can 
be predicted in the early stage of planning, their effect can be optimized in the moni-
toring, and their causes can be eliminated in the forthcoming period using 
new/updated strategies. 
Moreover, the model is effective, particularly for maintenance costing of a number of 
machines, otherwise one machine can be managed in a very simple way. Normally, 
the CMO suffers difficulties when he/she has to analyze accumulated data from vari-
ous production lines including the number of machines. In this situation, an assistant 
system can supply the right information for decision-making. 
In comparison with the reviewed literature in Chapter 2, few models provide similar 
features and characteristics (cf. Section 1.3 and 1.4 - Table 6 and Appendix 7.1 – 
Table 24). Differences between Costprove and the reviewed models make it difficult, 
comparatively to study them corresponding to the eight predefined criteria. Another 
important issue is identifying ideal requirements for use-case study. The model, by its 
nature, is generic and universally applicable; for instance it has not been specially 
designed for a certain use-case and thus can be customized.  This leads to the oppor-
tunity for pilot-testing the model in various domains.  Previously mentioned issues on 
data privacy and security of “cost data” are the major challenge towards executing a 
pilot test-study. The validation, in Chapter 1 and 2, therefore, is only limited to two 
major methodologies, (a) literature survey (comparison with state-of-the-art), and (b) 
simulation (based on real data and interview with domain expert of VMC). In Chapter 
3, the validation is extended into realization of the Costprove Toolbox (software) 
based on the detected constraints and deficiencies of CMMIS packages (cf. Section 
3.2). In addition, the usability and applicability of the software prototypes are validat-
ed through cooperation with industry and interviewing maintenance professionals. 
This issue is discussed in Chapter 3 (cf. Section 3.3). 
In conclusion, several approaches to MCM deal with optimizing cost and trade-off 
between cost and operational variables through finding optimal values for a number 
of maintenance activities, and save the associated cost. In the economic point of view, 
it is also promising to investigate the vice versa approach, i.e. defining the minimum/ 
optimum cost and accordingly adopting the number of activities so the expenses do 
not exceed the desired value of total costs. This is only possible if the process of cost 
planning-monitoring-controlling simultaneously uses principles of synoptic and in-
cremental approaches to problem-solving, and incorporates knowledge assets, espe-
cially maintenance records, experiences and expertise of the CMO. Costprove is, 
therefore, unique in terms of conception and realization of qualitative and mathemati-
cal models and centering dynamics of knowledge assets in the field of maintenance 
cost controlling.  
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3 Realization and Implementation of Costprove Toolbox 
3.1 Overview 
This chapter reflects the design and realization process of the Costprove Toolbox 
(software). The toolbox is an add-on for the CMMIS. The main focus is, therefore, to 
implement the algorithm for deploying the Costprove model (cf. Figure 23).  
Section 3.2 presents an extensive review of CMMIS features, functionalities and 
constraints. It includes a review of the commercial tools, especially in terms of 
providing cost-planning-controlling and cost-based decision support.  
Section 3.3 expresses outcomes of needs analysis with industry (i.e. interviews with 
maintenance professionals).  
Section 3.4 describes the conceptual design of the toolbox. It considers essential fea-
tures of the Costprove Toolbox to support the CMO in meta-analysis of MCM 
knowledge assets.  
Section 3.5 discusses meta-analysis methods. In this dissertation, mathematical and 
textual meta-analyses are taken into account. The former refers to the use of the Cost-
prove model (cf. Figure 23), and the latter to the text-mining methods (Ansari, et al., 
2014a). The meta-analysis, however, is not limited to these methods. Several statisti-
cal approaches can be used which are out of the scope of this work. 
Section 3.6 presents the implemented prototypes of Costprove Toolbox. Mainly three 
kindes of prototypes are developed for: 
(1) Cost planning-monitoring-controlling using Costprove algorithm 
(2) Extracting knowledge from MCM reports with the aid of text-mining meth-
ods  
(3) Combining mathematical and textual meta-analysis of MCM reports 
The presented prototypes are developed in cooperation with industry partners.  
Finally, Section 3.7 discusses the summary of findings.   
3.2 Analyzing Functionalities and Constraints of the CMMIS 
A CMMIS is “an integrated set of computer programs and data files designed to pro-
vide its user with a cost-effective means to manage the massive amounts of data that 
are generated by maintenance and inventory control organizations” (Mobley, 2008). 
The CMMIS is “designed to assist in the planning, management, and administrative 
functions required for effective maintenance” (Bagadia, 2006). The CMMIS has ex-
isted for more than 40 years (Kans, 2009). Other common names for computerized or 
information systems used in maintenance such as computer-based maintenance man-
agement system (CMMS), computerized asset management system (CAMS), comput-
er-aided maintenance (CAM), or enterprise asset management (EAM)43. Notably, 
“with EAM, the CMMS functionality is extended to include financial modules such as 
                                                          
 
 
 
 
43
 Cf. (Kans, 2009), (Wireman, 2008), (Bagadia, 2006), (Lee, et al., 1999). 
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accounts payable, advanced cost recording, and advanced human resource manage-
ment” (Bagadia, 2006). In this dissertation, the term CMMIS is used for MaM soft-
ware packages and information systems. The CMMIS comprises standard fea-
tures/sub-systems listed in Table17. CMMIS features support MaE and MaM, i.e. 
both operational and management level of maintenance. Details of functionalities may 
differ, based on implementation strategies, target industry sectors, qualification of 
maintenance staff and existing infrastructure. 
Table 17.Standard subsystems/features of the CMMIS44 
Subsystems/Features of CMMIS Details 
Equipment/asset management • Identification and specifications 
• Hierarchies  
• Bill of materials 
 
Inventory control • Spare parts and store inventory  
• Cross references to equipment/asset 
 
Work order management • Requisition and creation 
• Planning and scheduling  
o Preventive maintenance plans 
o Project plans 
o Emergency maintenance plans 
o Unplanned orders 
o Corrective maintenance plans 
o Repetitive maintenance plans 
• Execution and completion  
• Storage of historical data 
 
Human resource management • Cross references to work orders for plan-
ning, monitoring and accounting 
• Craft and skill data 
Accounting/Finance 
 
 
 
• Purchase requisitions 
• Purchase orders  
• Invoice matching and accounting 
• Maintenance budgeting 
• Reporting tool 
 
 
The main usage domains of the CMMIS in manufacturing industries and production 
management are specified in Table 18. 
                                                          
 
 
 
 
44The list presented in Table 17 has been created by the author based on the comprehensive 
study of the CMMS by (Mobley, 2008). Later it is upgraded by the author through review of 
further sources, especially studies of (Lamb, 2009), (Wireman, 2008), (Bagadia, 2006), and 
(Mather, 2003). 
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Table 18.Usage domains of CMMIS-Adopted from (Mobley, 2008) 
Organizational level of Maintenance Domains of usage Functions 
MaE with partial overlap with MaM 
especially in terms of MCM 
Maintenance • Initializing of work orders  
• Planning of work orders  
• Planning of preventive maintenance 
• Scheduling of work orders and resources 
• Requisition of non-stock parts, materials or services (Direct-Buy)  
• Analyzing of equipment/asset repair history 
• Craft utilization 
• Budgeting and tracking 
• Cost planning and monitoring 
MaE Engineering  • Project Planning and tracking 
• Review of equipment/asset specifications 
• Review of equipment/asset modification history 
MaE Production • Scheduling of downtime 
• Managing repair request backlog (unprocessed requests) 
• Cause and effect analysis of the repair history of equipment/assets 
MaE Inventory control • Recording part usage history 
• Cross referencing of parts to equipment/asset  
• Advance notice of parts requirements for planned work 
• Automatic requisitioning of parts to meet reorder/stocking requirements 
• Work order to purchase order cross reference for Direct-Buy items 
• Storage and retrieval of material safety data sheets   
MaE Purchasing  • Automatic requisition of stores stock inventory 
• Consolidation of requisitions for same vendor to single purchase order  
• Receipts against the purchase order 
MaM Accounting/Finance • Automatic cost allocation 
• Review and evaluation of cost history records 
MaM Executive management • Budget preparation and tracking 
• Cost planning and monitoring, controlling  
• ISO 9000 compliance (for standardization of documentations and compliance) 
 81         Meta-analysis of Knowledge Assets for Continuous Improvement of Maintenance Cost Controlling 
 
 
 
 
 
 
 
 
 
The process of maintenance order in the CMMIS is initialized/triggered by receiving 
a work request (cf. Figure 26). The work request can be submitted as verbal, tele-
phone call (e.g. via hotline), written via email or short text message by means of desk-
top, laptop, mobile phone or tablet, or direct input to the CMMIS. Afterward, the 
request should be reviewed and, upon approval, the planning process will be started.  
Request
Maintenance 
Approve
Plan
Schedule
Perform work
Record data
Equipment 
history
Management
information &
control report
Cost accounting
 
Fig.26. Key steps to manage the maintenance order in the CMMIS-Adopted from (Bagadia, 
2006). 
Work order planning includes identifying the maintenance job, defining physical or 
human resources such as labor, parts, materials, tools, and contracts required to per-
form the job, and related guidelines or procedures for executing the job. Work order 
planning is an overriding and strongly influential issue to MCM. In the scheduling, 
“all open work orders are maintained in a file that is referred to as the work order 
backlog” (Mobley, 2008). The scheduling involves certain meta-data (indicator) such 
as “work order type, status and priority, equipment/asset criticality, and a requested 
completion date” (Mobley, 2008). After execution of the work order (backlog), the 
entire process should be documented and maintenance data be recorded. The data 
recording may vary from listing time spent in executing each task and related sub-
tasks, to collecting comprehensive records of material charges, equipment identifica-
tion, work assigned and performed, responsible person identification, remarks of 
maintenance staff (in a free text format), and other precisely relevant data. The rec-
orded data can be assigned or cross referenced to equipment history. The recorded 
data are the most important source of information for MaM and particularly MCM 
activities. Improving quality of data recording is, therefore, a major challenge to the 
CMMIS (Wireman, 2008). A standard CMMIS provides functions for different do-
mains of production management. The CMMIS supports not only maintenance per-
sonnel, but also the other units/departments along the organization such as engineer-
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ing, production, inventory control, purchasing, accounting, and top (executive) man-
agement.  
Table 19.Major constraints to successful implementation of the CMMIS-Adopted from 
(Mobley, 2008) 
Constraints Remarks 
Intelligence/Personal 
expertise 
• CMMIS cannot replace a CMO, CME or other maintenance 
personnel and decision-makers. 
• CMMIS cannot automatically assign the work orders to individu-
als/groups and monitor them. 
• CMMIS itself cannot improve reliability and product quality.  
• CMMIS itself cannot decrease maintenance cost or labor re-
quirements.  
Total implementation • CMMIS is effective and efficient when all its capabilities are 
fully implemented.  
• The implementation process is complex and like long-term pro-
jects; it requires strong management and leadership.  
• In-house personnel might have lack of knowledge to implement 
CMMIS. In some cases it can be outsourced.  
• In the case of outsourcing, it might be that the capability of the 
outsourced contracted institution is not adequately verified.  
• Some organizations try to modify CMMIS to match their existing 
business practice, instead of using it the other way around.  
• CMMIS should be selected based on developing required specifi-
cation through comprehensive evaluation and assessment of the 
current operations, including maintenance, engineering, produc-
tion, inventory control, accounting, purchasing, human resources 
and information systems.  
• In some cases, there are parallel systems available with partially 
identical functionality to CMMIS. In such cases, an interface 
should be developed. The absence of the interface may lead to 
two major problems: 
(1) Double data entry 
(2) Lack of data integrity 
Provision of resources  • CMMIS is failed due to inappropriate/lack of provision of re-
quired resources because of two major reasons:  
(1) Poor planning of the required manpower and financial re-
sources.  
(2) Lack of management/labor commitment. 
Organizational re-
sistance/ Change 
management 
• CMMIS can provide expected benefits only through a radical 
change in the human factors.  
• Full changes are required in work methods, procedures, organiza-
tion, employee attitude, skills, etc.  
• Project master plan for the implementation of CMMIS can re-
solve “poor communication”, “confrontation”, and overpass 
“work culture restrictions”. 
In conclusion, the CMMIS is used to effectively conduct data collection and analysis, 
automatize and control PM, assure reliable inventory replenishment program, and also 
provide accurate job scheduling underlying resource availability (Kans, 2009), 
(Wireman, 2008). Despite the advantages and usability, the CMMIS is engaged with 
constraints which cause it to fail in practice. Table 19 reveals the major constraints to 
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successful implementation of a CMMIS, and elaborates underlying reasons. Recent 
studies on the advancement of a CMMIS mark endeavors to overpass the aforemen-
tioned constraints. For example, a survey of “97 scientific papers in the period 1998 
to 2003” revealed significant changes in four aspects during the evolution and ad-
vancement of a CMMIS as (Kans, 2009): 
• First, the focus is shifted from technology to use of CMMIS. 
• Second, CMMIS is seen more as an integrated business solution rather than 
the maintenance function. 
• Third, it is used to support predictive-proactive maintenance through “avoid-
ing damage initiation by detecting the damage causes”.  
• Fourth, the economic advantages of the CMMIS are taken into account, 
which reveals a shift from operational to strategic maintenance. 
Moreover, the study of commercial CMMIS packages by (Labib, 2004) pointed out 
that “all the systems offer data collections and more expensive systems offer formal-
ized modules for the data analysis, real time data logging and networked data shar-
ing”. The study stressed that all the observed systems do not offer decision analysis 
support for MaM (Labib, 2004). This lack is called as a black hole that exists in the 
CMMIS (Labib, 2004). In this dissertation, the lack of the CMMIS in bridging the gap 
of “planning-monitoring-controlling” in MCM is anticipated. Hence, an independent 
analysis is performed on the commercial CMMIS packages (ranging in price from 
$2k to$30k for a single user license). The reviewed packages are selected from the 
well-known software suppliers. Their information is available in Appendix 7.2 (cf. 
Table 25). The selected CMMIS packages have been analyzed against 10 criteria (cf. 
Table 20) by the author in 2013. The Criterion 1-4 examines the provision of stand-
ard features (cf. Table 17). Criterion 5-7 follows the study of basic data management 
features by (Labib, 2004). Criterion 8-9 considers two specific features or subsys-
tems for advancement of cost controlling, namely (Criterion 8) Cost planning-
monitoring-controlling with indicators such as provision of guideline and strategy, 
feedback analysis and continuous learning, KPIs, and heuristic problem discovery and 
solving, and (Criterion 9) Cost-based decision support with indicators like manag-
ing planned and unplanned cost, providing mathematical analytics/tools, and utilizing 
decision model and optimization algorithms. Criterion 10 deals with identification of 
features for improving MCM through analyzing contents of maintenance reports. The 
packages are analyzed through review of the brochures/catalogs, demo/trial versions 
provided on the websites of the suppliers. The results are presented in Table 20. As 
expected, all reviewed packages support Criterion, 1-4 i.e. standard features of the 
CMMIS (cf. Table 17). They also include at least basic data management features 
targeting Criterion 5-7. Criterion 8 is partially fulfilled by four of the packages in the 
price range ≥ $5k. Such packages use KPIs for cost and budget monitoring, and none 
appears to deploy any special deterministic/stochastic cost model. Concerning Crite-
rion 9 and 10, no special features corresponding to the predefined indicators have 
been detected. Thus, this study shows that the black hole in MCM subject to Criteri-
on 8, 9 and 10 still exists. The objective of Costprove Toolbox is to compensate this 
gap, using the mathematical and qualitative approach discussed in Chapter 2, as well 
as other existing methods for analyzing the contents of maintenance reports. This 
issue is further discussed in the following sections. 
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Table 20.Study of features of commercial CMMIS packages by the author 
 
 
 
 
 
 
Software packages AMMS 
& 
MP soft-
ware 
 
BENCH-
MATE 
& CMMS 
PRO 
Ivara IBM-
Maximo® 
SAP®-
EAM 
Oracle®-
eAM 
MaintiMizer™ CHAMPS-
CMMS 
 
Infor-EAM 
Criterion Indicator 
 
1 
Equipment/asset management ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
2 Inventory control 
 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
3 Work order management 
 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
4 Human resource management 
 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
5 Data collection & analysis 
 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
6 Real time logging 
 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
7 Networked data sharing 
 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
8 Cost planning-controlling   KPIs for 
cost con-
trolling 
 Budget 
utilization 
Cost mapping/ 
Cost estimation 
  Automated 
budget moni-
toring 
&control 
9 Cost-based decision support          
10 Analyzing the content of 
reports (text) for improving 
MCM 
         
Price Range $2k + $2k + $5k + $5k + $5k + $5k + $15k + $ 25k + $30k + 
 
 
Black hole in MCM 
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3.3 Verifying Costprove and Needs Analysis with Maintenance Professionals 
 
 
Taking into account the study of the CMMIS and existing commercial packages in 
Section 3.2, a worthy approach is to interview maintenance professionals and find out 
existing needs in the world of work. Maintenance professionals of two manufacturing 
companies located in Germany have participated in this survey and evaluated the 
Costprove model. These companies are referred to in this section as C#1 and C#2. 
C#1 is a developer and manufacturer of semiconductor-based system solutions. C#2 is 
a manufacturer of electromagnetic actuators and supplier of primary equipment com-
ponents for the automotive industry.  
Team leaders of maintenance engineering from both C#1 and C#2 participated in the 
survey45. First the motivations to develop the model and achievements are presented 
and explained, and then the team leaders provide answers to the given questions, 
identify the priority and provide their opinions. Each interview and meeting took an 
hour on average. The collected answers are summarized in Table 21. In this table, five 
questions are listed. Next to each question, the priorities are assigned. Priority of the 
question is graded in importance from 1- 5; relative unimportance of the question is 
shown by 1, rising to five as importance increases. 
They addressed high importance and practical implication of the distinction between 
planned and unplanned costs. In addition, the model is evaluated as general; however, 
they stressed that the model should be further studied for fulfilling prerequisites and 
required components of each company.  
They found the approach for learning from past experiences reasonable and useful in 
a practical manner. They mentioned that experiences should not be limited to histori-
cal records (i.e. numeric values) and in fact maintenance reports (i.e. text documents) 
need to be taken into account.  
To apply the Costprove model in practice they pointed out the need for developing a 
software tool which can interoperate with existing CMMIS tools and modules in each 
of the companies. In general, the surveyed companies are using existing CMMIS 
packages, however, they do not hold any similar features to the Costprove model for 
planning and controlling of maintenance costs, especially planned, unplanned and 
total cost. The existing approaches are classical accounting methods, which do not 
allow the CMO to use experiences effectively, and continuous improvement of the 
MCM. They also pointed out that the end user should be trained to know how to deal 
with the formulations, so the qualitative model and guidelines as well as software 
documentations is essentially required. 
As a result, the surveyed professionals found the Costprove model useable and identi-
fied important aspects of designing a software toolbox. Section 3.4 discusses this 
issue more in details.  
 
                                                          
 
 
 
 
45
 Information given by interviewees is available from the author.  
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Table 21.Results of verification and needs analysis for realization of Costprove Toolbox with maintenance professionals of C#1 and C#2 
 
 
Question Priority  
(1-5) 
Remarks of C#1 and C#2 
Distinction of planned and unplanned cost in 
Costprove subject to maintenance is reasonable 
in your field of practice? 
C#1: 4 
C#2: 5 
• C#1:  It makes it easy to save money. 
• C#1:  Unexpected events are not planned. 
• C#2: The classification is applied without any special software tools 
in our field of practice. 
 
Does the case distinction of Costprove cover all 
important cost attributes? 
C#1: 4 
C#2: 4 
• C#1 & C#2: One challenge is the quality of records. 
• C#1: The Matrix representation can be useful. 
• C#1: Historical approaches allow incorporation of maintenance 
records. 
• C#1 & C#2: It is usable at least for optimizing the amount of (pre-
ventive) maintenance. 
• C#1 & C#2: The model should be adopted for each company. 
 
Is the use of figure of merit for indicating short-
age situation reasonable in your case? 
C#1: 4 
C#2: 4 
• C#1 & C#2: It is reasonable for learning from the past experience. 
Is the model applicable in your field of practice? 
(If not, what changes do you suggest?) 
 
C#1: 4 
C#2: 4 
• C#1 & C#2: The model could be good for analysis, based on the 
knowledge of maintenance officer. 
• C#1: Need to train end users. 
 
Is it useful to establish a software toolbox for 
assisting CMO in planning-monitoring-
controlling? 
C#1: 5 
C#2: 5 
• C#1: It should be studied in the context of each company. 
• C#2: Existing tools and databases should be taken into account. 
Is it useful to develop features for analyzing the 
contents of maintenance reports? 
C#1: 4 
C#2: 5 
• C#2: Knowledge Management is in demand by maintenance de-
partments. 
• C#2: It may save time to read documents and search in databases. 
• C#1: Knowledge and experience of personnel is valuable. Someone 
may know a machine better than others do. 
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3.4 Design of Costprove Toolbox 
 
The model of Costprove is a managerial tool which is designed and developed based 
on theoretical analysis of a large body of literature concerning MCM and MaM and 
needs analysis in practice (cf. Chapter 2 and Section 3.3). The Costprove can be real-
ized as a software tool, subsystem or add-on of the CMMIS. The toolbox gains profit 
in two major directions:  
(1) compensating the aforementioned gap of “planning-monitoring-controlling” of 
MCM activities, which still exists even by use of the CMMIS (cf. Table 20), and  
(2) supporting the CMO in MCM related decision-making activities by providing 
managerial reference measures. The reference measures are used to compound the 
CMO’s insight into accumulated knowledge assets of MCM.  
Therefore integration of the Costprove in the framework of the CMMIS leads to a 
development of an assistance system for MaM, particularly MCM, in both operational 
and strategic levels. It ultimately indicates advantages of using knowledge-based 
approaches in MCM (Ansari, et al., 2014a), (Ansari, et al., 2012a). 
Costprove Toolbox is realized by considering documented knowledge assets of 
MCM. Maintenance records stored in the CMMIS database, either in structured, semi-
structured or unstructured formats46, are used. In this dissertation, structured data 
(records) are understood to be data that are assigned to MCM (also in a broader scope 
to MaM and MaE) that can be thereby directly processed with subsystems of the 
CMMIS and Costprove Toolbox. Unstructured data (records) are mainly text-based 
which require preprocessing and thus cannot be directly used by the CMMIS. Other 
information sources include semi-structured records. Examples are emails47 ex-
changed between maintenance staff, research paper repositories dedicated to the field 
of maintenance, web pages providing information on maintenance, and annual reports 
from the CMO. Information sources (including all aforementioned types of records) 
specifically used in MCM can be listed in the following classes: 
(1) Cost history records of work orders, including engineering costs 
(2) Budget history records 
(3) Cost records of production/value chain loss 
(4) Inventory and purchasing cost records 
(5) Personnel and management cost records 
In practice, the above-mentioned classes may differ due to the context of work.  
                                                          
 
 
 
 
46
 The classification of the maintenance records is adopted by the author from (Baars, et al., 
2008). 
47In fact, content of the emails are only reports or recommendations of maintenance staff for 
improving operation and management. Therefore, the content is related to the maintenance 
works and it does not present any conflicts of interest with the private data. 
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The records include tables of numeric data as well as text records of MCM such as 
description of MCM’s cause and effects (e.g. description of extra cost for a repaired 
machine). The collected records should be analyzed to discover essential features, and 
interpret them in a meaningful way for managers. Methods of meta-analysis support 
this process. These methods are discussed in the Section 3.5. 
 
 
 
Fig.27. Design of Costprove software tool as an add-on of the CMMIS. 
Figure 27 depicts the generic concept of the Costprove software tool. It reveals the 
information flow of maintenance through use of a CMMIS. The CMMIS (Blue-
colored component) is a major tool for conducting maintenance activities and consists 
of standard features and a central database for storing the maintenance records. The 
Costprove software tool (green-colored component) is to capture cost related records 
from the maintenance database, analyze them and store the outcomes in the database. 
The Costprove Toolbox employs MaE reference models, and the mathematical refer-
ence model (cf. Chapter 2) to support the CMO for cost controlling and budget man-
agement, and provides strategies for operation level (feedback). Thus the Costprove 
Toolbox provides two types of dashboard for visualization and analysis of calculated 
results as operational and managerial. 
Figure 28 reveals the design of the operational dashboard of Costprove. The process 
is initiated by the submission of the work request. The dashboard deploys KPIs for 
analysis of the current state of the machines, based on the historical data and monitor-
ing records of the machines. In this context, standard KPIs are used such as availabil-
ity, reliability; failure rate. (cf. Chapter 1). In the failure analysis dashboard, the indi-
cators support diagnosis, and accordingly certain hypotheses for solving the prob-
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lem/work request are generated, which are predefined in the system. Afterward the 
operational intervention will be identified considering the type of the work request. 
Finally the CMO and CME will review the results and decide on the work order, 
which will then be transmitted to the servicemen. The work order and analysis results, 
including cost/budget, are recorded in the MCM database. 
  
 
Fig.28.Design of Costprove operational dashboard for visualization and meta-analysis of ma-
chine-related maintenance information. 
MCM records are also used in the managerial level. Figure 29 presents the design of 
the managerial dashboard. It supports cost planning and utilizes the meta-analysis 
for monitoring and controlling the state of expenses as well as shortage situation. The 
reference model is used to generate hypotheses for resolving the problem/improving 
the current state in the forthcoming planning period. The hypotheses are mapped to 
the therapy solutions on the basis of the judgment of the CMO and CEO. In this way, 
the dashboard assists the CMO and CEO for compounding their insight into the anal-
ysis of (documented) knowledge assets and learning from the past events.  
Using the Costprove software tool, CMMIS functionalities are extended and advanced 
especially for maintenance costing. In other words, meta-analysis is employed in the 
meta-level of the Costprove model (cf. Figure 22) for provision of (meta) indicators, 
examination of the documented knowledge assets, and visualization of the findings in 
the dashboards. The findings give the CMO (i.e. domain expert) evidence for evaluat-
ing the MCM state and adapting/improving maintenance strategy. Therefore the gap 
of “planning-monitoring-controlling” is compensated and the CMO is assisted by 
utilizing a KM solution for continuous improvement of MCM.  
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Fig.29.Design of Costprove managerial dashboard for visualization and meta-analysis of 
maintenance costing information. 
Section 3.5 discusses the meta-analysis in the context of Costprove. Accordingly, 
Section 3.6 presents the results of the implementation and prototyping of the opera-
tional and managerial dashboards.  
3.5 Meta-Analysis in the Context of Costprove 
This section discusses meta-analysis methods48. First, an overview about meta-
analysis is given. Second, the meta-analysis methods deployed in Costprove Toolbox 
are described. 
The term meta-analysis was defined by (Glass, 1977). He introduced most of the used 
procedures to psychology (Glass, 1977). The effort of Glass was the fundament of 
further research and publications in this field, for example, (Lyons, 2000 (Last 
revised: 30.01.2003)), (Salgado, et al., 2003), and (Murphy, 2013). Meta-analysis 
refers to three methods for (1) statistical, (2) mathematical, and (3) textual analysis of 
a large collection of results from individual data sources for the purpose of integrating 
the findings (Murphy, 2013). Meta-analysis is applied to two types of knowledge 
assets: (1) hard-facts and numeric values by means of statistical and mathematical 
methods, and (2) text-based documents by means of text-mining or text-clustering 
methods.  
Besides, meta-analysis is performed by using an automatic/semi-automatic software 
or a manual framework. In contrast to automatic software solutions, the semi-
                                                          
 
 
 
 
48This section is adopted from (Ansari, et al., 2014a). 
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automatic software deploys the expertise of a domain expert (e.g. CMO) to approve 
the result of the meta-analysis. The meta-analysis methods are summarized in Figure 
30.  
 
Fig.30. Three methods of meta-analysis – Adopted from (Ansari, et al., 2014a). 
 
There are two general types of statistical meta-analysis (Lyons, 2000 (Last revised: 
30.01.2003)). One method involves the combination of probability values, while the 
second technique combines effect sizes and the correlation coefficient (Lyons, 2000 
(Last revised: 30.01.2003)), (Hartung, et al., 2008). There are other statistical methods 
like the Bayesian approach to meta-analysis, which are examined in (Hartung, et al., 
2008). 
Mathematical meta-analysis models and formulates meta-indicators, for instance, KPI 
or mathematical reference model (cf. Chapter 2). Meta-indicators summarize instanc-
es of data sets and interpret them in a unique form. In this context, mathematical me-
ta-analysis concentrates on meta-indicators (e.g. availability), which represent the 
required information based on aggregation of relevant data, for instance, mean time 
between failure (MTBF) and mean down time (MDT).   
Textual meta-analysis refers to the use of text-mining and text-clustering algorithms 
and methods (Heyer, et al., 2012). Although, text-mining methods use statistical ap-
proaches, they especially deal with other types of entities such as words and texts. So 
one can distinguish between statistical and textual approaches on the basis of applica-
tion. Text-mining and clustering are utilized for analyzing the unstructured content of 
documents (i.e. text). Review of the text-analytics literature shows that textual meta-
analysis is mainly supported by (1) the association measuring and mapping, and (2) 
ontology engineering. The former is used in the context of Costprove and further 
elaborated in this section. The latter is to establish a relational ontology of detecting 
keywords in a text. Ontology “defines the basic terms and relations comprising the 
vocabulary of a topic area as well as the rules for combining terms and relations to 
define extension to the vocabulary” (Maier, 2007), (Staab, et al., 2003), (Staab, et al., 
2001). The ontology visualizes and represents the relation between keywords (e.g. 
Machine X is Repaired by Engineer Y). Applying ontology engineering for meta-
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analysis is discussed by several authors such as (Hotho, et al., 2002), (Yang, et al., 
2008), (Tar, et al., 2011), and (Ma, et al., 2012). Ruiz et al. also proposed an ontolo-
gy-based method for modeling the information present in the experiences stored in the 
CMMIS (Ruiz, et al., 2014). They used a rule-mining algorithm to extract association 
rules from past experiences, and conceptual graphs for analyzing the extracted 
knowledge (Ruiz, et al., 2014).  
Costprove Toolbox utilizes mathematical and textual meta-analysis for MCM. MCM, 
as a systematic and effective process, encompasses the information flow for acquiring 
and accumulating data and information. Data include the number of maintenance 
activities such as repair, inspection, stoppage. Further examples are the number of 
associated technicians/administrators, frequency of failures, and in-use-resources. 
Aggregation of the accumulated data in a meaningful context leads to the generation 
of information about the current state of maintenance particularly for administration 
of the underlying business process. For instance, an annual maintenance budget work-
sheet is a collection of data concerning the estimation of annual expenses associated 
with cost-intensive maintenance items such as labor, equipment, materials, operations 
and resources (cf. Table 22). The numeric values are regularly generated and stored 
by means of the CMMIS. The stored data are used by the CMO, accounting depart-
ment, and CEO. 
The mathematical model of Costprove deployed in meta-analysis has been studied 
and discussed earlier (cf. Chapter 2). The mathematical model represents the strength 
of the relationship between two major indicators in MCM: (1) Minimum of total PM 
cost (), and (2) Optimum number of maintenance activities (). Using the 
mathematical model, the CMO compounds his/her insight and knowledge into the 
crucial attributes of maintenance cost administration (i.e. planned and unplanned, and 
total maintenance cost). This has been focused on in Chapter 2. The findings for the 
use and implementations of mathematical models and KPIs appear in the publications 
of the author (Ansari, et al., 2011), (Ansari, et al., 2012a), (Ansari, et al., 2012b), 
(Ansari, et al., 2012c). Although processing and analyzing accumulated numeric data 
assists the CMO, the knowledge assets of maintenance are not limited to hard-facts or 
statistics. In practice, technicians, maintenance engineers and the CMO document and 
report the orders, activities, troubleshooting, diagnoses, and prognoses. The major 
parts of documents are texts, where a practitioner explains and infers on a certain 
issue for handling a specific problem. For example a technician specifies the oil leak-
age of a machine and in turn records the change of the seal. 
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Table 22.Example of an annual maintenance budget worksheet (Ansari, et al., 2014a) 
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Maintenance documents and reports which are stored in the CMMIS contextually 
include facts (e.g. report of engineer concerning certain evidence of a failure in a 
machine), or combination of facts and artifacts (e.g. personal judgment of an operator 
regarding failure or extra cost of component repair in the future). In other words, not 
only the explicit knowledge of maintenance personnel is regularly documented, but 
also the documents encompass their former experiences e.g. with a certain type of 
machine or failure. The CMO exploits existing knowledge wisely. However, continu-
ous improvement of MCM is reinforced by exploring and generating new knowledge 
from experience (i.e. learning from past events). Textual meta-analysis of documents 
discovers hidden improvement potentials such as between certain entities like ma-
chine, maintenance activity and personnel. In particular, comprehensive analysis of 
maintenance knowledge assets is advantageous for maintenance and service manage-
ment. For instance, in order to manage maintenance cost and budget, the CMO re-
quires the precise evaluation of historical data and collected information. It is used, 
for instance, to detect which machinery has been frequently repaired, or to indicate 
risk intensity of certain machines/equipment. Then he/she can estimate the cost of 
single/associated machines and determine maintenance budget. In this way, numeric 
data are highly usable. Text-based documents include practicable notes and recom-
mendations as well as diagnoses or prognoses which can be applied to improve the 
decision-making process. For instance, a text-based report may include an engineer-
ing comment which addresses the repair or purchasing of a certain compo-
nent/machine in the upcoming budgeting interval. Such contribution can be consid-
ered in the overall estimation of the CMO for calculating and validating planned cost 
of maintenance with higher certainty. 
According to the findings and a detailed investigation of a commercial CMMIS by the 
author (cf. Table 20), most of the maintenance information systems only provide 
standard document management tools (e.g. search engines). However, commercial 
systems do not incorporate textual meta-analysis of maintenance documents. The 
constraints of the CMMIS and the demands of maintenance professionals are dis-
cussed in Section 3.2 and 3.3. As a result, the study reveals the need to utilize the 
knowledge discovery methods/technologies (i.e. textual meta-analysis) to improve 
quality and cost effectiveness of maintenance processes and services.  
Meta-analysis of text-based documents has two major possibilities; text-mining and 
text-clustering (cf. Figure 30). The CMMIS uses standard text-mining features like 
search or keyword detection, and document mapping. Figure 31 depicts a sample of 
employing search, keyword detection and document mapping for basic textual meta-
analysis of documents stored in the CMMIS database. In this example, each of the 
stored documents is analyzed and a summary is provided (cf. upper part of Figure 31). 
The summary includes the name of the author, date of recording, ID number, title, and 
major keywords (e.g. inspection and repair). Summarizing documents is helpful in 
providing an overview of related content without opening and reading the document. 
In addition, the search engine is extendable to combine the search for a certain entity 
and map the results with stored documents in the CMMIS database (cf. Figure 31). 
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Author Thomas Mueller Date 20.04.2012 
ID no. ID2X54F 
Title Inspection of drilling machine 
Priority High 
Keywords Inspection, Repair, Failure 
 
Fig.31.Example of basic textual meta-analysis of documents stored in the CMMIS database 
using search, keyword detection and document mapping – Adopted by author from 
(Ansari, et al., 2014a). 
 
In a joint research work, on the one hand the aim is to visualize the associations be-
tween certain predefined entities like ontology approaches. On the other, it is to inter-
pret the associations in a numerical way for the CMO (i.e. to determine the strength of 
the associations in numeric values). It links mathematical- and textual meta-analysis. 
This approach does not concentrate on developing standard features like a search 
engine or document mapping tool. Also, it does not only consider visualization of 
word associations as is the case in ontology approaches. The “Concept for the Imita-
tion of the Mental Ability of Word Association” (CIMAWA)49 - (Uhr, et al., 2013) - is 
used as the fundament of word association measuring for textual meta-analysis of 
                                                          
 
 
 
 
49CIMAWA method is developed on the basis of co-occurrence data (Dagan, et al., 1999), 
(Manning, et al., 1999), (Bordag, 2008) in a large text corpus. CIMAWA is carefully exam-
ined in several areas of application i.e. in detecting multi topic structures in text documents 
(Klahold, et al., 2013), and for real time context-based analysis of text documents in the 
product development process (Uhr, et al., 2012) and (Dienst, et al., 2012). 
Results Report IDs Corresponding engineers Documents 
Inspection ID2X54F Thomas Mueller ID2X54F.docx 
ID2X54F.csv 
ID1Y84C Alex Schmidt ID1Y84C.pdf 
ID1Y84C.csv 
Repair ID9X83F Patrick Haberkorn ID9X83F.csv 
ID2Z31G Max Weber ID2Z31G.docx 
ID2Z31G.csv 
ID6Z90R Christina Schmidt ID6Z90R.csv 
Failure ID0Z71R Patrick Haberkorn ID0Z71R.docx 
ID0Z71R.csv 
ID7X08H 
 
Alex Schmidt 
 
ID7X08H.csv 
ID7X08H.pdf 
ID4Y59L Max Weber ID4Y59L.csv 
ID4Y59L.docx 
Meta-analysis of Knowledge Assets for Continuous Improvement of Maintenance Cost Controlling    96          
 
 
maintenance’s knowledge assets (Ansari, et al., 2014a). CIMAWA measures are used 
as the core logic to develop a virtual application (prototype) as an add-on for the 
CMMIS presented in (Ansari, et al., 2014a). Discovering association between words 
and computing the strangeness or weakness of the association is a progressive field 
research (Rapp, et al., 1991), (Matsukawa, 1993), (Rapp, 2002), (Zizka, et al., 2003), 
(Washtel, et al., 2009).  
CIMAWA computes the significance of the human word associations. It identifies the 
association between two words, e.g. 1(ℎ	
) ↔ 2	(
). The 
larger the value calculated by CIMAWA, the higher the association between 1 
and 2. It calculates a value that represents a measure for dependency of the 
response to the stimulus word (Uhr, et al., 2013).  
Section 3.6 presents the implementation of Costprove Toolbox. CIMAWA is utilized 
for textual meta-analysis of maintenance documents, particularly in terms of indica-
tion of associations between predefined entities. The implementation results of the 
joint research work on textual meta-analysis are presented in sub-section 3.6.2. 
3.6 Implementation Results of Costprove Toolbox 
This section discusses the implementation and realization results of Costprove 
Toolbox using mathematical and textual meta-analysis methods. The realization is 
carried out on the basis of the conceptual design of the Costprove Toolbox (cf. Sec-
tion 3.4).  
In sub-section 3.6.1, Costprove mathematical model (cf. Chapter 2- Figure 23) is 
implemented. A prototype is developed which supports mathematical meta-analysis 
of maintenance records (i.e. planned, unplanned and total cost, budget and number of 
maintenance operations) in planning-monitoring-controlling of MCM activities.  
In sub-section 3.6.2, a prototype for textual meta-analysis of maintenance records (i.e. 
text documents) is presented. The prototype analyzes text documents stored in 
CMMIS databases and represents the association of certain predefined entities (i.e. 
machines, maintenance personnel and activities).  
In sub-section 3.6.3, a prototype for combining mathematical and textual meta-
analysis is introduced. The prototype processes maintenance work reports and esti-
mates the total cost with respect to three detected categories of entities in the text 
namely, tasks, material and labor. The above-mentioned prototypes represent Cost-
prove Toolbox.  
The results are presented in sub-section 3.6.1, 3.6.2, and 3.6.3 respectively. Detailed 
information about the technical specifications of each prototype has appeared in relat-
ed software documentation. These are cited in numerical order in a separate bibliog-
raphy at the end of this dissertation.  
 
3.6.1 Prototype I: Mathematical Meta-Analysis Tool of Costprove 
In order to employ Costprove’s algorithm (cf. Figure 23), it is crucially important to 
develop software prototypes with graphical user interface (GUI). In practice, there-
fore, the CMO can use Costprove as an add-on interoperating with the CMMIS. A 
prototype is designed and developed as a generic tool which supports all features of 
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the Costprove mathematical model (cf. Chapter 2). The prototype consists of five 
modules (dashboards) covering cost planning, monitoring and controlling. 
Module I (cf. Figure 32 – Left screenshot) is used to execute Case I for calculating 
planned, unplanned and total cost through defining number of machines, identifying 
machines’ names, connection to succeeding and proceeding machines and type of 
connection, selection of cost functions, and estimation of parameters. It results in the 
calculation of minimum of total maintenance cost () and accordingly optimum 
of maintenance activities (	) for each single machine. 
Module II (cf. Figure 32 – Right screenshot) is used to generate matrices for time (), 
cost-rate (), and residual cost	() (cf. Chapter 2- Table 11), based on identifying 
the number of planning periods and maintenance activities. The CMO can define a 
desired value for each element of matrices according to distinctions of planned and 
unplanned activities. For example, using the button “Input ”, the sub-matrices for 
planned and unplanned cost-rate appear (,	), and each element of matrices can 
be valued by typing and entering numbers. The same procedure is applied to time and 
residual cost matrices. Hence, the CMO can calculate the total cost of each machine 
in various planning periods (i.e. ). 
Module III examines the shortage situation (cf. Chapter 2 - Table 11) through assign-
ing the budget and comparing it with the calculation of Module I and II.  A light indi-
cator is used to notify whether the shortage occurs or not. It provides possibilities for 
a CMO to recalculate budget and redistribute it for risky machines.  
Module IV (cf. Figure 33 – Left screenshot) visualizes the calculations of Module I 
and II for each machine. It supports the CMO for proper selection of the cost func-
tions, defining right values for and 	, and documenting the results of each 
planning period.  
Module V (cf. Figure 34) is used for controlling and documenting the MCM process. 
In this module, a summary of calculations appears. The CMO should fill out two 
forms regarding his/her recommendations for further investigations (such as diagno-
sis, repair, inspection), and evaluate the state of cost controlling through identifying 
the quality of records and cost planning. He/she can specify whether any external 
knowledge sources require upgrading in the process. In addition, the CMO can gener-
ate a report by adding his/her comments in a free text box, defining important key-
words and meta-data (i.e. date, time, topic, keywords and position of the author). The 
report, including all calculations and graphs, will be issued in Microsoft® Word for-
mat and the CMO can update or edit it later.  
Table 23 provides a summary of features in accordance with each module. 
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Table 23.Details of modules provided by prototype I 
 
Modules Features 
Case I & Extension of Case I 
(Module I and II) 
• Providing the formulation represented in Table 11 for planned and unplanned cost 
• Identifying the types of association of machines 
• Calculating  and   for each machine 
• Automatic generating of the layout of the production line in Microsoft® Visio 2013  
• Providing all matrices represented in Table 11 
• Dimensioning of the matrices based on ,	 and  (cf. Table 10) 
• Providing possibility to insert value for each element and update the calculations 
 
Case II 
(Module III) 
• Providing shortage situation assessor based on the formula represented in Table 11 
• Deploying status indicators for shortage (red), critical plan (yellow) and expected (desired) plan (green)  
• Providing possibility to recalculate budget distribution and estimations (in case of shortage or critical plan) for each machine 
based on the type of associations towards upgrading the next planning period 
Cost Monitoring & Controlling 
(Module IV and V) 
• Visualization of the curves planned, unplanned and total costs similar to the model of Hahn and Laßmann (1993) 
• Summarizing the calculations of Case I and Case II for decision-making 
• Providing questionnaire to capture opinion of the user (CMO, CEO, CME) regarding the following issues: 
o State of planning (current/running phase) 
o Need to control the planning 
o Quality of data 
o Need for external knowledge 
• Capturing recommendation of the CMO or CME regarding standard PM and CM activities such as diagnosis, inspection, repair, 
replace or others 
• Capturing recommendation of the users in a free text format for documentations of their opinion that could not be covered in the 
previous steps, and providing possibility of textual meta-analysis with other prototypes presented in sub-sections 3.6.2 and 3.6.3 
• Generating editable report in Microsoft® Word 2010  
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Fig.32.Module I and II for calculation of mathematical reference model: Case I (Left) & Extension of Case I (Right) – Screenshots are taken from     
      the student work supervised by the author  [1]. 
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Fig.33.Module III and IV for calculation of mathematical reference model: Case II (Left), and for visualization of the calculation for each machine 
(Right) - Screenshots are taken from the student work supervised by the author  [1]. 
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Fig.34. Module V for cost controlling: Documentation and reporting -Screenshots are taken 
from the student work supervised by the author  [1]. 
 
Technical specifications of the prototype and the software development process are 
presented in  [1]. The preliminary version of the prototype is developed and tested, in 
a separate work, based on the case study of vessel manufacturing company (VMC) 
(cf. Chapter 2 – Section 2.7)  [2]. 
Besides developing Costprove Toolbox, a prototype of an assistance tool for 
supporting the CME is designed, implemented and tested in a separate work. The 
prototype consists of features that enable maintenance engineers to select drive 
system components based on meta-analysis of vendors’ offers as well as customer’s 
requirements. Mathematical meta-analysis is performed using a benchmarking 
dashboard. The dashboard provides technical and nontechnical indicators (i.e. KPIs) 
for selection of drive system components. Technical indicators are mainly acquired 
from dimensioning of the drive system (drive system specifications) as well as the 
basic requirements, e.g. for power consumption and operational availability 
(maintenance-related factors). Nontechnical indicators are primarily to consider 
business administration activities, especially through indication of investment and 
PM/CM costs of drive systems which have directly affected a customer’s/company’s 
business process.  
Meta-analysis of Knowledge Assets for Continuous Improvement of Maintenance Cost Controlling    102          
 
 
As shown in Figure 35, the CME can define the requirements and compare the desired 
value with the offers of various vendors existing in the database. The benchmarking 
dashboard provides alternatives for selection of the desired drive system. The 
indicators are used to define thresholds. The results of calculations are visualized in 
graphical form with the use of light indicators. This facilitates the comparison of 
alternatives. Using the benchmarking dashboard, the CME can summarize the 
calculation, add his/her comment, and issue the order considering maintenance factors 
for purchasing the drive components or system.    
To sum up, the benchmarking dashboard broadens and deepens the CME’s 
knowledge for optimal selection of drive components and improves decision-making 
activities. 
 
 
Fig.35.Benchmarking dashboard for assisting the CME in selection of vendors’ offers based on 
meta-analysis of technical and economic criteria with KPIs (Ansari, et al., 2012c). 
The prototype of a benchmarking dashboard has been designed and developed in 
cooperation with industry partners aiming at considering maintenance factors for 
purchasing drive systems and later for condition monitoring of the components50.  
                                                          
 
 
 
 
50This work is supervised by the author. It is initiated in  [3] and further developed by adding 
the condition-monitoring module in  [4]. The results are also published in (Ansari, et al., 
2012c). 
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3.6.2 Prototype II: Textual Meta-Analysis Tool of Costprove 
This sub-section presents conception and development of a prototype for textual me-
ta-analysis of maintenance management’s knowledge assets. The prototype supports 
the CMO by means of measuring the association between certain instances of mainte-
nance entities (underlying the stored text documents in the CMMIS database) as well 
as visualization and representation of the results in a graphical form. The prototype is 
an add-on in the framework of the CMMIS.  
Firstly, the technical preconditions of the CMMIS with the available data sources and 
entity structures are shown in detail. Afterwards, how the association measuring 
method (i.e. CIMAWA) can be implemented to create an add-on for CMMIS packag-
es is examined. Finally the prototype is realized using real datasets provided by an 
industry partner.  
In order to implement a textual meta-analysis tool, the CMMIS needs to comprise 
concrete structures of maintenance entities of certain classes. In this work, three clas-
ses of entities are considered as practitioners, machines, and maintenance opera-
tions. The classes are identified based on the major categories defined in DIN 13306 
(DIN, 2010-12) and the use-case of VMC presented in Figure 25 (cf. Chapter 2 – 
Section 2.7). Each class has sub-entities, which are shown in Figure 36, 37 and 38. It 
is possible to extend or eliminate the sub-entities depending on the domain of the 
application. 
As shown in Figure 36, the subclasses of the class of practitioners are the CMO, 
chief engineer, engineer, technician, and administrative personnel. Several sub-
categories can be defined underlying required domain expertise and availability of 
specialists (e.g. component engineer, assembling engineer, sensor-system engi-
neer, etc.). Notably, the work breakdown structure depends on the organization of the 
maintenance department.  
 
 
Fig.36.Class of practitioners–Adopted by the author from (Ansari, et al., 2014a). 
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Like the class of practitioners, the class machines and maintenance operations and 
related subclasses are presented in Figures 37 and 38. 
For example, the class of machines consists of certain categories (e.g. marking, 
beveling, rolling, etc.) which differs between overall 15 certain instances of machines 
in the use-case scenario. 
The class of maintenance operations is divided into two main subclasses: preven-
tive maintenance and corrective maintenance. The subclasses are clock-based, 
age-based and condition-based which refer to PM activities. Likewise repair and 
compensating are related to CM activities.  
 
Fig.37.Class of machines- Adopted by the author from (Ansari, et al., 2014a). 
 
 
Fig.38.Class of maintenance operations-Adopted by the author from (Ansari, et al., 2014a). 
 
The association measuring method, CIMAWA, examines the association and extracts 
meta-information from stored text documents in the CMMIS database. For calculating 
the CIMAWA values it is necessary to analyze the underlying text database properly. 
Especially statistical data about word frequencies and co-occurrence need to be gath-
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ered (Uhr, et al., 2013). By using the entities’ structures, the entities of the classes and 
subclasses have to be identified in the text documents (cf. Figures 36, 37, and 38). For 
the identification of certain instances, an adapted version of the developed entity 
detection algorithm is applied (Uhr, et al., 2012). This algorithm analyses the texts 
and detects instances of classes, like certain machines or engineers. For example 
machines can be described in different ways in the text by ID number, explicit name 
or internal description, etc. Other problems can be caused in the misspelling of words. 
Regardless of this deficiency the algorithm solves the problem and detects the in-
stances properly. A prototype is designed for supporting the CMO who is the soft-
ware’s end user. Compared to the human word association, the stimulus can be one of 
the three classes, a subclass, or instances of one or more classes. Accordingly, the 
CMO chooses firstly a class, subclass or entity of interest which he/she wants to in-
vestigate; the so called association root (cf. Figure 39). The relevant associations will 
be calculated according to the selection. In the application scenario the CMO selects 
the class of machines, subclass of rolling, and in that category of roll 1 id_010301 
and roll 2 id_010302 (cf. Figure 39).  
 
 
  
Fig.39.Selection of the association root (Ansari, et al., 2014a). 
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In the next step, the CMO should select the maintenance entities that he/she wants to 
investigate. Like the selection step of the association root, classes, subclasses, or a 
number of certain instances can be selected. As shown in Figure 40, the classes of 
practitioners and maintenance operations are selected. The practitioners are 
marked as one chief engineer, two engineers, one technician, and two administra-
tive personnel. Under the maintenance operations, the subclass of corrective 
maintenance is selected with the instances of repair and replacement, set-up, re-
start, and purchase new unit. No instances of machines are a matter of interest in 
this example (cf. Figure 40).  
 
Fig.40.Selection of the maintenance entities for association mapping (Ansari, et al., 2014a). 
After the selection process, the application starts calculating the requested associa-
tions, based on CIMAWA (Uhr, et al., 2013). A visualization of such an analysis is 
shown in Figure 41. In the application scenario, roll 1 id_010301 and roll 2 
id_010302 are selected as the instances of machines. These instances are displayed in 
the center of the association map (cf. Figure 41). The association map visualizes all 
relevant associations to all instances corresponding to the selection of the CMO. As a 
result, the thicker the arrows appear, the stronger the association between the items. 
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The arrows and the distance between the items are a direct representation of the calcu-
lated CIMAWA values. In this example, five associated practitioners and three asso-
ciated maintenance operations are selected. In turn, the most associated instances of 
practitioners are engineer id_0404. Based on the analysis, no association between 
the association root and engineer id_0208 is detected, which might include a hint for 
the CMO about the experiences of this engineer with the rolling machines (i.e. roll 1 
and roll 2). Also the most associated maintenance operation is purchase new unit 
id_01020203. 
 
Fig.41.Association mapping feature for meta-analysis of text-based documents (Ansari, et al., 
2014a). 
Textual meta-analysis is not sufficient for handling planning, monitoring and control-
ling activities. However, it deepens and compounds the CMO’s insight into the sta-
tus/condition of machines, practitioners and operations underlying the stored docu-
ments. It also provides possibilities to learn from former experiences documented and 
stored in CMMIS databases. For instance, the CMO can realize that the rolling ma-
chines in Figure 41 are strongly associated with engineer id_0404. This is perhaps 
already known to the CMO, but the analysis can alert and lead him/her to discover 
hidden potentials, based on the reviewing of engineer’s comments and his/her obser-
vation within maintenance intervals. Obviously the benefit of the association mapping 
is to automate utilization of knowledge assets, especially text documents, without 
human interference. Moreover, the CMO has a responsibility to control and conduct 
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strategic and tactical maintenance activities corresponding to physical and human 
resources, budget and cost, technology, environmental factors, safety, etc. Therefore 
he/she needs to use all possibilities to capture the required information for establish-
ing or updating new/running strategies.  
The CMO needs to find out what is known and what is probably unknown. For the 
latter, textual meta-analysis is crucially helpful, such as to discover propositions and 
potential consequences of a certain event like a failure. For instance, the CMO starts 
the application and selects certain entities (cf. Figure 39 and 40). Accordingly the 
software provides a typical result, such as what is shown in Figure 41. With respect to 
the strength of the associations, the CMO can (1) define some work orders (tasks) in 
operational, tactical or strategic MaM /MCM, (2) acquire consequences of investiga-
tions, and (3) approve/correct the initial proposition. For example, the CMO can de-
fine the following tasks based on the results of Figure 41 as: 
• Task 1 to operational/tactical layer:  
o → Proposition:  
 Association map shows that there is a strong relationship 
between “rolling machines” and “purchasing new unit”. 
o → Consequences:  
 “Cost intensiveness of the machine” OR  
 “Human failure in usage” OR  
 “Process overload” OR  
 “Further elaborations required”. 
• Task 2 to tactical/strategic layer:  
o → Proposition:  
 Association map shows that there is a weak relationship 
between “chief engineer” and “rolling machines”.  
o → Consequences:  
 “Human failure” OR  
 “Overloaded with other machines” OR  
 “Lack of management structure and organization in the 
engineering department” OR  
 “Further elaborations required”. 
• Task 3…  
The mathematical meta-analysis of Costprove Toolbox is to some extent independent 
of textual meta-analysis. However, the prototype presented in sub-section 3.6.1 gen-
erates reports based on each instance of analysis by the CMO or CME. These reports 
include recommendations and hints for improving forthcoming planning period. In 
addition, the CMMIS regularly accumulates all reports of operators (administrative 
staff), technicians and service engineers. These reports can be analyzed with the 
Costprove prototype of textual meta-analysis presented in this sub-section.   
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As a result, the presented prototype is a tool for alerting the CMO to hidden potentials 
which are reflected in the text documents but not directly recognizable in mathemati-
cal or statistical analyses. So, the CMO has a gadget to establish new orders or tasks 
in the CMMIS and make further investigation for improving the maintenance man-
agement.  
Besides, the software is flexibly designed with a capability to add new entities or sub-
entities. In other words, there is no limitation in regard to any specific process or 
company, the entities (major classes) as well as their subclasses are expandable. One 
possibility for further development is to add resources as the fourth entity. In the 
current version, the resources (except human resources) which are required to fulfill a 
certain maintenance operation are divided and distributed under classes of machines 
and maintenance operations. For example, spare parts are directly associated with a 
certain machine. Tools or equipment for diagnosis relate to a certain maintenance 
activity. In addition, the subclasses can be expanded or customized based on industry 
needs. For instance, subclasses of practitioners can be enlarged by adding external 
practitioners (e.g. vendors, customers, etc.). The current structure only considers 
the internal practitioners51.  
3.6.3 Prototype III: Combining Mathematical and Textual Meta-Analysis Tools 
 
The CMO deals with huge amounts of text documents and historical data for planning 
the next budgeting period. Costprove Toolbox is, therefore, developed using mathe-
matical and textual meta-analysis of maintenance knowledge assets. One question still 
remains: Is it possible to combine both approaches? (i.e. developing an extra dash-
board for combining mathematical and textual meta-analysis). 
The findings of the textual meta-analysis can be interpreted in terms of cost-intensive 
items. There are standard tariff lists of maintenance activities, material and labor 
costs. Detected words inside of maintenance reports can be mapped with the tariff list 
and ultimately the total cost of these reports is estimated. Thus, the CMO has an addi-
tional tool for cost-based analysis of the reports. This supports him/her in the planning 
of forthcoming maintenance periods and the controlling of the past one.  
Taking this approach into account, a software prototype is developed for cost-based 
analysis of maintenance reports. Firstly, standard lists of maintenance tasks and relat-
ed cost-intensive items for materials and labor for each machine are created. Second-
ly, textual meta-analysis is applied for detection of cost-intensive items in mainte-
nance reports, including maintenance activities and associated material and labor 
items. Thirdly, detected entities are mapped to the tariff list. Finally the cost of each 
category of maintenance activity, material, and labor are calculated, respectively. This 
                                                          
 
 
 
 
51In cooperation with industry partner a prototype of textual meta-analysis is realized as an add-
on for the CMMIS. In this study, real datasets are used including text-based reports of 
maintenance staff. The study was co-supervised by the author. The results appeared in  [5]. 
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leads to the calculation of the total maintenance cost, i.e. estimated cost of a mainte-
nance report. The prototype also supports drawing diagrams and generating reports of 
the cost administration. 
 
 
Fig.42.Meta-analysis dashboard combining mathematical and textual methods -Screenshot is 
created by the author from the prototype developed in  [6]. 
Figure 42 presents the screenshot of the software for the calculation of the total cost 
of a sample maintenance report52.  
3.7 Discussion 
 
In this chapter, realization of the Costprove model and related results are presented. 
The characteristics of the Costprove model are discussed in Chapter 1 and 2. In order 
to develop an add-on for the CMMIS, first functionalities and sub-systems of the 
CMMIS are analyzed (cf. Section 3.2- Table 17). Second, the usage domain of the 
CMMIS inside the production system is revealed and classified (cf. Section 3.2- Table 
18). Third, the constraints which fail implementation of the CMMIS are reviewed (cf. 
Section 3.2-Table 19). Fourth, the commercial CMMIS packages have been analyzed 
and the black hole is detected in three areas: (1) Cost planning-controlling, (2) Cost-
based decision support, and (3) Analyzing the content of reports (text) for improving 
MCM (cf. Section 3.2-Table 20). In addition, the needs analysis with maintenance 
                                                          
 
 
 
 
52This study was co-supervised by the author in cooperation with an industry partner. Details 
concerning design and development of the software appeared in  [6]. 
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professionals deepened the insight into practice-oriented requirements (cf. Section 
3.3). 
On the basis of aforementioned analyses, the Costprove Toolbox (software) is de-
signed in two usage levels; operational and managerial (cf. Section 3.4). The method 
for meta-analysis of knowledge assets is discussed as the main approach to finding the 
strength of the relationship between maintenance variables (cf. Section 3.5).  
Costprove deploys mathematical meta-analysis, using the mathematical reference 
model discussed in Chapter 2. Two prototypes for mathematical meta-analysis are 
presented in sub-section 3.6.1.  
Besides, high potential is detected to support the CMO through meta-analysis of un-
structured data (text) and extraction of knowledge from document repositories. In a 
joint work, association measuring is used to discover the strength of the relationship 
between maintenance entities in the CMMIS database. It supports the processing of 
text documents and generating new knowledge from former experiences. The proto-
type of textual meta-analysis is presented in sub-section 3.6.2.  
The scope of study is extended to bridge mathematical and textual meta-analysis. A 
prototype for analyzing maintenance reports is developed. It estimates the cost of 
maintenance activities based on the detection of entities (e.g. tasks) inside reports (i.e. 
keyword detection) and mapping to the tariff list. This prototype is presented in sub-
section 3.6.3. In fact the combination of the mathematical and textual meta-analysis 
should be further studied in future.  
As a consequence, Costprove Toolbox is realized in three directions of meta-analysis, 
namely, mathematical, textual and combined. The presented prototypes are success-
fully developed in cooperation with industry partners, and therefore can be used as a 
proof of concept for the Costprove model.  
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4 Conclusion and Future Outlook 
In this chapter, first key findings and results are summarized. Second, open issues for 
further contribution and potentials for future research are identified.    
4.1 Key Findings and Implications 
This dissertation establishes evidence for employing and managing knowledge assets 
towards continuous improvement of MCM. The domain of application is maintenance 
of production systems which includes various types of machines. In each planning 
period (), the CMO defines cost figures (i.e. planned, unplanned or total cost) and 
correspondingly the operational factors such as number of maintenance activities. 
Attainment of the predefined goals is monitored and controlled during and after the 
planning period respectively. To identify figures of the forthcoming period ( + 1), 
the CMO studies records of the past planning period (), and examines the deviations. 
The result is the recognition or discovery of certain facts with regard of the state of 
MCM. The cost planning, monitoring and controlling process therefore exploits exist-
ing knowledge, and generates facts and artifacts that need to be further explored. In 
Figure 43 the above-mentioned process is schematically shown. Cost planning, moni-
toring, and controlling is an iterative process which is shown by green circles. Each 
green circle is surrounded by an orange circle referring to the learning process from 
the past event. The evolution occurs in certain increments (1… 	) through planning 
and the monitoring instances (	…  + ).   
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Fig.43.MCM continuous improvement, enhanced by learning from former experiences. 
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This work constitutes a novel model, Costprove, for continuous improvement of 
MCM through meta-analysis of existing knowledge assets and generating new 
knowledge from past instances of MCM. Meta-analysis refers to a set of methods for 
identifying the significant relation between features of cost planning, monitoring and 
controlling. Meta-analysis supports the CMO in detecting deviations in the actual and 
desired figures of past planning periods, and defining figures of forthcoming one. The 
primary focus of this work is on mathematical, and secondary on textual, meta-
analysis of maintenance records. The former refers to the main target of Costprove for 
mathematical modeling of the cost functions, and the latter to incorporating analysis 
of text reports for enhancing MCM. Design, development and realization of Cost-
prove are discussed and elaborated in previous chapters. Here, key findings and re-
sults are specified as:  
Key Finding#1: Costprove model consists of mathematical and qualitative compo-
nents. Mathematical component represents cost functions for planned, unplanned and 
total maintenance cost of single, non-associated and associated machines. Estimating 
the aforementioned costs leads to the planning of a number of maintenance activities. 
The process can incorporate historical data (history-based approach) or can be applied 
without them (zero-based approach). The qualitative component provides guidelines 
for dealing with the Costprove model and includes an algorithm for deploying Cost-
prove in cost planning and monitoring (cf. Chapter 2- Figure 23). The evolution of the 
model occurs in planning iterations through learning from past experiences, detecting 
deviations between actual and desired values, and ultimately updating existing strate-
gies for the forthcoming planning period (cf. Chapter 2- Table 12). More details about 
the use of mathematical model in several periods of application, and the process to 
use meta-analysis for supporting the CMO to define the adequate mathematical func-
tion and the values of its parameters, are discussed in Chapter 2 (cf. Table 12 and 
Figure 23). 
Key Finding#2: The Costprove Toolbox (Software tool) assists the CMO in cost 
planning, monitoring and controlling. The Costprove Toolbox mainly deploys the 
Costprove model (cf. Key Finding#1) for meta-analysis of structured knowledge 
assets of maintenance. As an extension, textual meta-analysis is also integrated into 
the Costprove Toolbox for identifying the value of incorporating unstructured 
knowledge assets (i.e. text). Such analysis assists the CMO to explore the contents of 
the maintenance reports and discover hidden improvement potentials in MCM. It is 
pointed out that the combination of mathematical and textual meta-analysis aggre-
gates findings of both types of analysis (cf. Chapter 3).  
Key Finding#3: The foremost finding is the integration of meta-analysis as a kind of 
knowledge-based approach in MCM. The Costprove model establishes a new account 
on MCM, especially to meta-analyze knowledge assets, identify certain facts or arti-
facts (i.e. evidence) for improving cost planning and controlling process. The evi-
dence is further explored to enhance MCM process. This work, therefore, constitutes 
a new knowledge-based approach, for continuous improvement of cost controlling.   
The novelty of the Costprove model is principally related to Key Finding#3. The 
problem of maintenance cost planning-monitoring-controlling, thereby, is figured out 
with KM perspective. This dissertation firstly proves that the MCM process gains 
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benefit from knowledge-based approaches such as meta-analysis, and secondly ad-
vances the scope of continuous improvement by “learning from former experiences”.  
As a consequence, the author believes that this research breaks through classic ap-
proaches in the field of MCM, begins the first step for the integration of knowledge-
based approaches in MaM, and highlights new perspectives for sustaining mainte-
nance cost life cycle.  
4.2 Future Research: Open Issues and Potentials 
 
Considering aforementioned key findings, Costprove model provides opportunities 
for further research. The open issues are discussed in relation to the key findings. 
Lastly, potentials for future research are indicated.  
Open issue#1: Costprove uses an approach to estimate the cost of maintenance and 
accordingly define the number of maintenance activities. Another approach is to esti-
mate probability of failure and calculate related costs. In this regard, advanced ap-
proaches exist (cf. Appendix 7.1 – Table 24). The algorithm for mathematical meta-
analysis (cf. Chapter 2 – Figure 23) can be further developed to interact with the ex-
isting stochastic algorithms. Thus the meta-analysis is enabled to support predictive 
MCM and prognosis of causes. The concept for combing Costprove with Bayesian 
Networks has been presented in (Dienst, et al., 2014). 
Open issue#2: The Costprove model does not consider entire economic aspects of 
maintenance life cycle. The model can be further developed by considering a total 
cost life cycle of maintenance, including investments and return on capital. So evi-
dence is analyzed, not only on the basis of operation causes and effects, but also eco-
nomic implications.   
Open issue#3: In order to improve practical implication of the Costprove Toolbox 
(i.e. estimations and analysis), employing an artificial learning algorithm is crucial. 
This intends to upgrade the toolbox to an automatic assistance system. In addition, the 
toolbox should interoperate not only with the CMMIS but also enterprise (mainte-
nance) management systems such as EAM or ERP. This issue needs to be taken into 
account for further developments. It depends on the requirements analysis of the ap-
plication domain and can be handled by implementing application programming inter-
faces (APIs).  
Open issue#4: Costprove toolbox supports meta-analysis of text reports. The proto-
type for textual meta-analysis and also its combination with mathematical meta-
analysis is discussed in Chapter 3 (cf. Section 3.6). Such analysis provides extra in-
formation for the CMO based on maintenance reports. Despite the advantages, the 
presented prototypes of textual meta-analysis should be further developed and inte-
grated with MCM. Thus the Costprove Toolbox becomes capable of examining nu-
meric values and text reports simultaneously, and ultimately proposing the best 
matching solution for solving an existing problem in operation or cost management.  
Considering the open issues, the scope of Costprove model can be extended to “evi-
dence-cause” analysis in the future (cf. Figure 44). Meta-analysis tools developed in 
this dissertation identify evidence of problems and support the CMO in the detection 
of the causes. Beyond meta-analysis, evidence-cause analysis enables the CMO to 
identify the nature of a cause in the planning period () (i.e. diagnosis), and further, 
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predict a cause in the forthcoming period ( + 1), (i.e. prognosis). Evidence-cause 
analysis should be investigated, first from the management perspective, i.e. defining 
and selecting appropriate problem-solving approaches, and second as a domain spe-
cific study, i.e. defining the fields of application.  
An ongoing research is to examine which type of synoptic, incremental or heuristic 
approaches to problem-solving exist for evidence-cause analysis and which one can 
cooperate with the meta-analysis tools of Costprove (Ansari, et al., 2013). This also 
requires further study on prioritization of evidences and causes, based on the risk of 
occurrence and consequential expenditures (economic effects) imposed on the entire 
cost planning and controlling process. 
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Fig.44.Costprove 2.0–Modular concept for future research. 
Evidence-cause analysis is domain-specific, thereby; causes of a problem and its 
evidences are different in each problem domain. A progressive field of research to 
apply evidence-cause analysis is structural health monitoring (SHM). According to 
(Giurgiutiu, 2007) and (Balageas, et al., 2006), SHM “assesses the state of structural 
health continuously or periodically in an automated way via direct measurements and 
through appropriate data processing and interpretation in a diagnostic system” 
(Ansari, et al., 2014b). Maintenance and SHM of structures and infrastructure requires 
a substantial amount of cost. “Approximately one third of all bridges in the US na-
tional inventory need either be repaired or replaced” (Giurgiutiu, 2007), (Ansari, et 
al., 2014b). Between 2009 and 2011, the annual maintenance cost to upgrade and 
replace aging distribution infrastructure was estimated to be from $3 to $6 billion per 
year by Edison Electric Institute (EEI) (Harris Williams, 2010).  
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The synergistic use of the Costprove model and evidence-cause analysis in SHM may 
lead not only to the fostering of learning from past experiences in cost planning, but 
also to promoting early stage diagnosis and prediction of disturbances and hidden cost 
factors. The initial step to integrate knowledge-based approaches in SHM is studied in 
collaboration with SHM engineers (Ansari, et al., 2014b) and (Niu, et al., 2013). The 
studies have highlighted the potential for cost-based analysis of SHM records (Ansari, 
et al., 2014b). 
Figure 44 presents the modular concept, Costprove 2.0, for future research in both 
management and technological perspectives. It utilizes meta-analysis tools of Cost-
prove in evidence-cause analysis for identifying the nature of causes and prediction 
(i.e. diagnosis and prognosis). This concept considers the economic impact and the 
effects of the identified or predicted causes on MCM, especially SHM cost manage-
ment.  
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7 Appendix 
 
7.1 Summary of Surveyed MCM Models 
To enable the reader to understand the results of the morphological analysis, this section presents the extensive literature survey (cf. 
Chapter 1- Section 1.3 and 1.4). The author reviewed and summarized the models in Table 24. For each model, information of its au-
thor(s) and an abstract is given. The abstract is written by the author based on the review of the original sources. The models are further 
studied in the morphological analysis (cf. Chapter 1- Section 1.4- Table 6).  
 
Table 24.Summary of the surveyed MCM models in chronological order 
 (Note: This table runs over pages 135 to 150.) 
(Author(s), Year) Abstract 
 
(Nathan, 1969) 
Nathan addressed the problem of cost-effective selection of subsystems and developed a single Figure of Merit, as a management decision 
tool. He declared that “for the subsystem whose performance does not limit the productivity of the primary system (achieves minimum 
productivity) the measure of effectiveness for a constant force size is [the] lowest life cycle cost”. The model was established on the premises 
that a cost-effective system has already been chosen by means of certain criteria (which are known to the managers), and the resources for 
suitable procurement are available. In this context, the productivity function was mathematically developed to represent the productivity of the 
subsystem during the mission. The productivity was defined as the function of “equipment state at mission start (including “under repair” 
states), mission dependability, and subsystem performance by equipment state”. The study confirmed the hypothesis that the lowest life cycle 
cost is achieved only through reaching the minimum productivity. Therefore the management choice was identified for properly (i.e. cost-
effective) selection of a subsystem from an array of subsystems (alternatives) i.e. “meeting minimum productivity requirements and the lowest 
life cycle cost”. 
(McLeod, 1973) 
McLeod analyzed economic implication of planning maintenance activities during and after the design phase. The aim was to develop a model 
for applying economic principles to minimize life cycle cost of a product or system development, and in turn for maximizing the return on 
investment. Specifically, he considered the economic impact of reliability, maintainability and availability during and after the design phase. 
He developed the index for calculating the income as a function of availability (“for a system which is desired to be productive 100 percent of 
the time”), and associated costs for improving maintainability or reliability. Maintainability was defined as “the time interval between failure 
and correction of [the] failure of the part, assembly, or system under consideration”, and reliability as “the time interval between failures of 
the part, assembly, or system under consideration”. Thus the income was calculated as the summation of all financial gains correlated with 
availability minus the marginal costs of improving maintainability and reliability. The index was used in cost/benefit trade-off model to 
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(Author(s), Year) Abstract 
achieve the optimum maintainable design of the product or system. He extended the study into quantitative and qualitative determination of 
maintenance resource requirements considering the deployment phase. Finally, he integrated a feedback mechanism into the trading-off mod-
el, i.e. gathering feedback data not only for improving the cost/benefit ratio, but also for improving performance of the maintenance organiza-
tion including management and engineering. 
(Tempest, 1976) 
Tempest presented a model of the feedback processes and communication required to control the maintenance costing. He used the visualiza-
tion model, similar to the model of Hahn and Laßmann (1993) that specifically represents the relation between direct maintenance cost, down 
time loss and total cost. Tempest indicated that the “minimal expenditure on maintenance will result in large downtime costs; [while] minimal 
downtime cost will be achieved only at the expense of large maintenance expenditure. Between these two extremes lies the optimum situa-
tion”. He focused on developing a conceptual feedback-control system (instead of mathematical modeling of costs) for gathering required 
information to continually regulating actions and costs towards attaining an optimum solution. 
(Sule, et al., 1979) 
Sule and Harmon developed an economic model of maintenance planning. They defined the operating cost as a function of time for a sin-
gle/group of machines. They distinguished between fixed and variable cost (i.e. function of time) within maintenance cycles, and calculated 
the value close to minimum of total cost of production and maintenance. In this way, they determined the frequency of maintenance and time 
between two consecutive overhauls for each machine. They have also pointed out that maintenance of a group of machines leads to save the 
fixed cost associated with separate overhauls. 
(Regulinski, et al., 1983) 
Regulinski and Gupta studied the uncertainties (e.g. requirements and cost estimating uncertainties) associated with reliability related life 
cycle costs. They used probability distribution (i.e. Beta distributions) in the estimation process of life cycle cost. The assumed life cycle cost 
model “consists of four major categories as […], acquisition of hardware cost, retrofit cost, spares-replacement cost for ith year of opera-
tion, maintenance cost for ith year of operation”. Each of the categories can be broken down into subcategories. The hardware cost was calcu-
lated by the analyst or obtained from bidders or vendors. It is most likely the highest cost in comparison with the other categories. Retrofit 
cost is calculated as the summation of engineering, drafting, installation, inspection, and testing cost. The spares-replacement cost “is a func-
tion of […] system usage, number of units, unit cost, unit mean time to failure, and the fraction of units which cannot be repaired […]”. The 
maintenance cost was modeled based on the relation between the cost factors such as: owner's and manufacturer's material costs per mainte-
nance action, unit cost, mean man-hours expended/expressed by owners/manufacturer for corrective maintenance (i.e. repair), owner's and 
manufacturer's mean labor rates in $/man-hours, as well as the expected operating hours per year, the mean operating time between mainte-
nance actions. At last, they concluded that the life cycle cost can be predicted as a stochastic summation of the four cost categories, the Beta 
cumulative distribution function of which can be computed based on estimation of, the most likely, lowest and highest cost associated with 
these four categories respectively. 
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(Collins, 1983) 
Collins also focused on the maintainability related life cycle costs, and developed a probabilistic based control tool. The model consists of 
three modules, maintenance cost model, cost estimator and risk assessment. The maintenance cost was modeled, based on summation of three 
cost elements (1) the cost of initial repair spare items, (2) the cost of on-equipment maintenance (i.e. “total mean number of failures × average 
on-equipment repair cost/failure”), and (3) cost of off-equipment maintenance (i.e. “total mean number of off-equipment repairs × average 
cost per off-equipment repair”). In the same classification, the target cost was estimated using operational test data and statistical analysis, and 
the variance between the modeled and estimated cost was determined. At the end, the associated risk was assessed using the well-known 
probabilistic method of Monte Carlo. In this way, the maintenance managers can be supported, especially in the proper estimation/adaptation 
of life cycle cost and defining tangible goals in contracting. 
(Goyal, et al., 1985) 
As a continual work of (Sule, et al., 1979), Goyal and Kusy developed a total cost model for a family of machines considering a fixed cost 
independent of the machines was being repaired, and a variable cost dependent on the machines being repaired in a maintenance cycle. They 
have determined the maintenance frequency of each machine and in turn calculated the minimum of the associated costs per unit of time. The 
model is used to trade-off between the maintenance policy and operation costs. The authors pointed out that the developed model is heuristic 
(i.e. providing a solution, without guarantee, for solving the problem). 
(Canfield, 1986) 
Canfield developed a hazard function for cost optimization of preventive maintenance intervention intervals by determining the average cost-
rate of system operation. The main proposition, here, is that the operation causes system degradation and “hence an increase in the level of the 
hazard function with time”. He revealed that “the hazard function under PM [Preventive Maintenance] is approximately a 2-parameter 
Weibull with shape parameter 2 for systems with strictly increasing hazard without PM”. The hazard model consists of cost optimization 
function (i.e. optimizing the cost of preventive maintenance intervals). The cost function encompasses cost rate of system operation, based on 
the cost of preventive maintenance per occurrence, system cost, time interval between preventive maintenance interventions, and time to 
failure with and without preventive maintenance. Notably, this work considers that the hazard function with PM is known. When the hazard 
function without PM is unknown (i.e. not the case of this paper) the optimum value can be found through an iterative process which seems to 
be destructive and expensive. 
(Blohm, et al., 1988) 
(Seidenberg, 1989) 
(Adam, 1989) 
Blohm and Lüder established the two-level control system with a sub-loop for learning process (Blohm, et al., 1988). This model provides a 
plausible heuristic structure for controlling a production related process, based on the indication of management and engineering responsibili-
ties as well as their interconnections, and effects of external environmental factors (Blohm, et al., 1988). Seidenberg refined and upgraded this 
model by adding a feed-forward loop which provides information from operational level and external sources for top management 
(Seidenberg, 1989). Adam also introduced a control model for optimization of maintenance strategies (Adam, 1989), which uses the funda-
ments of the model of Blohm and Lüder. He created a loop model for acquisition of cost and availability data towards optimization of mainte-
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nance strategy (Adam, 1989).  
(Jayabalan, et al., 1992) 
To overcome maintenance problems, one can either consider decreasing intervals and constant cost, or decreasing costs and constant intervals. 
In this extend, Jayabalan and Chaudhuri have established an algorithm that assumes the cost/maintenance is constant and successive simple-
maintenance intervals as decreasing. Any increasing maintenance cost function could be incorporated. The proposed cost model represents the 
accumulative relation between the acquisition cost of each system (i.e. initial system and its degraded state) as a function of the annual rate of 
increase in acquisition cost of the system, time of preventive maintenance, and period of operation of the system. The accumulative represen-
tation causes to calculate total cost of maintenance within the planning period and based on the number of maintenance activities. Finally “the 
optimum solutions depend on the: constant improvement factor, first simple-maintenance point, rate of increase in acquisition cost, mainte-
nance cost factor, and planning period”. In this context, they used Branch-and-Bound, the well-known optimization method, to find the opti-
mal maintenance schedule.  
(Hahn, et al., 1993) 
The paradigm of Hahn and Laßmann (discussed earlier) is a basic, ideal and an intended quantitative model for MCM. It is in fact an incom-
plete mathematical model, because the parameters are not concretely defined and represented in mathematical formulations. This model has 
been discussed earlier in Section 1.2. 
(Sheu, et al., 1994) 
Sheu and Krajewski proposed a decision model for comparative evaluation of alternatives in the selection of corrective maintenance policies. 
The decision model consists of input data, such as training, capital costs, and machine life. The simulation model includes two parts. The first 
is a planning module, particularly for Manufacturing Resource Planning (MRP), and also generating draft of work orders to be checked and 
confirmed by the manager. The second is work order module to assign the orders to the work stations based on availability of resources. The 
simulator provides the possibility to monitor cost components “such as wages, material, inventory carrying, and backlog penalties”. It can also 
consider “uncertainties in demands, vendor lead times, scrap losses, rework, equipment failures and inventory record errors”. The financial 
impact of the corrective maintenance is then calculated through monitoring “the net changes in cash flows or the difference between revenues 
and costs”. In this context, Sheu and Krajewski have defined and simulated two corrective maintenance policies, (1) worker flexibility policy: 
“the number of operations each worker can perform” and (2) machine redundancy: “the same type of machine will be purchased again when 
the first wears out”. The net present value of these two policies has been computed over an infinite horizon. The result was revealed the poli-
cies as a function of the cost of capital. At the crossing point, where both policies are indifferent in terms of net values, the training cost of 
skillful workers was calculated. In practice, the combination of these two policies provides a variety of possibilities for managing the cost of 
corrective maintenance. In addition, they have modeled “optimal corrective maintenance decision as a function of the cost of capital and the 
service life of the equipment”. The entire economic analysis and decision model provides the alternatives and identifies management choice in 
corrective maintenance. 
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(van Gestel, 1994) 
Van Gestel introduced five probabilistic models to control inspections and maintenance intervals. The first and second models deal with opti-
mization of maintenance intervals respectively, based on revealed and unrevealed (unknown) failure of the production components. The third 
model optimizes the conservation intervals of a component and predicts replacement events. The fourth model is an approach to condition-
based maintenance, which optimizes the inspection intervals and accordingly predicts the replacement events. The fifth model harmonizes 
different computed maintenance intervals and produces an optimal maintenance plan, including associated costs for a whole system. In the 
general framework of these models limited cost portions are considered such as corrective costs, replacement costs, preventive costs, conser-
vation costs per unit of time, test costs, downtime process costs per time period, consequence costs of the process due to a failure, and inspec-
tion costs. 
(Al-Najjar, 1996) 
Al-Najjar developed the concept of a model of Total Quality Maintenance, TQMain. TQMain encompasses the principle of TQM, TPM and 
RCM. The objective is to continuously improve the technical and economic aspect of maintenance, especially in terms of condition-based 
maintenance. He defined the model as “a means for monitoring and controlling deviations in a process condition and product quality, and for 
detecting failure causes and potential failures in order to interfere when it is possible to arrest or reduce the machine deterioration rate before 
the product characteristics are intolerably affected, and to perform the required action to restore the machine/process or a particular part of it 
to good as new”. The model is an integrated approach for using feedback mechanism and capturing data (including, but not limited to, cost) 
from different maintenance strategies for optimizing condition-based and predictive maintenance. 
(Usher, et al., 1998) 
Usher et al. proposed a method for predicting a cost-optimal maintenance policy for a repairable system with an increasing rate of occurrence 
of failure, also called as deterioration. The model is closely related to that of (Jayabalan, et al., 1992). The method predicts three possible 
actions as: (1) maintain the system, (2) replace the system, or (3) do nothing. The cost of preventive maintenance activities is calculated by 
considering different combinations of three associated factors as failure, replacement and maintenance cost as a function of time over different 
planning periods. To find the optimal solution (including the minimum total net present worth (value) for all future costs) a numerical analysis 
is presented and three methods of optimization are compared, namely, random search, genetic algorithm and branch-and-bound approach are 
employed.  The evaluation revealed that the genetic algorithm is dominant than the other methods, particularly for analyzing a wide range of 
problem types. 
(Lim, et al., 1999) 
Lim and Park developed a model for evaluating the average cost of maintenance per unit time over an infinite time span. The model is used 
for imperfect repair by assuming fixed amount of cost for perfect and minimal repairs when an item failed. They employed a probability based 
approach using the exponential and Weibull distributions for calculation of expected costs and cost-rates. 
(Reineke, et al., 1999a) Reineke et al. emphasized on the importance of considering the availability and cost performance as critical system characteristics. In this 
context, they presented a methodology to “trade-off between availability and cost to be evaluated for a classic bridge reliability structure 
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(Barlow, et al., 1960) 
consisting of five independent sub-systems”. They employed a cost function of (Barlow, et al., 1960) which represents the expected cost per 
unit time for the system. In the end, they extended the classic age replacement policy model by “trade-off between limiting availability and 
expected cost rate at the system level” through “minimizing cost over an infinite time horizon and maximizing limiting system availability”. 
(Reineke, et al., 1999b) 
In addition, Reineke et al. studied maintenance policy and analyzed associated costs for estimating “the optimal age replacement time of series 
arrangement of functional sub-systems” without redundant components. They examined incorporating system-level data and component-level 
data, and used various statistical and estimation methods (Kaplan-Meier Estimator, the Piecewise Exponential Estimator and the Maximum 
Likelihood Estimator) for estimating the optimal age replacement time. Monte Carlo analysis is also employed “to estimate average optimal 
age replacement times determined using total time on test (TTT) transforms” based on the mentioned estimation methods. The estimations 
result “is used to compare the relative long-run cost per unit time for each method”. The captured data “subject to high level of random cen-
soring on the right” i.e. the censoring (partially known) and failure time is independent and the majority of data have values greater than the 
minimum of censoring and failure time. The comparative study of the methods revealed that “for a correctly specified model and for large 
sample sizes (about 2500), the age replacement times provided by the [Maximum Likelihood Estimator] are more accurate than those provid-
ed [by the others], especially under high levels of censoring”. In the end, they detected some factors which affect optimal replacement time, 
particularly the ratio of replacement cost to failure cost. Other influential factors are the amount of censoring, component arrangements, meth-
od of estimation and logistics of the maintenance procedure, e.g. timing and personnel. 
(Baron, et al., 1999) 
Baron and Pate-Cornell presented a decision support model to design optimal strategies in the use-case of the maintenance of a corporate 
airplane (e.g. to balance long term maintenance costs). The model encompasses probabilistic and dynamic risk analysis tools, “linking differ-
ent aspects of risk-management to the specific characteristics of the physical system”. They used the probabilistic modeling of system perfor-
mance using “Markov process [for modeling dynamic system evolution], with transitions occurring first among maintenance states, then 
among states of planned operation (including the possibility of unplanned shutdowns)”. Therefore the total associated cost was modeled as the 
summation of the state occupancy and state transition costs during the ith  cycle. The cost function of each state was modeled using a probabil-
istic representation/distribution “of beginning the cycle in each of the possible system states”. They have calculated the minimized cost, as a 
management choice to trade-off between “productivity and safety over the life of the system”. In this way they optimized the total cost in each 
cycle using the root mean square (RMS) method. Finally the total RMS of RMSx (in each cycle) should be calculated which represents the 
minimized value through the lifetime cost. 
(Sung, et al., 2000) 
Sung and Cho derived a branch-and-bound algorithm to search the optimal solution for maximum reliability of a series system with multiple-
choice (i.e. subject to each subsystem) and budget constraints. The research was an initial step and opened the door to several studies, espe-
cially to utilize the proposed algorithm in a variety of application systems, including mixed systems with series and parallel subsystems. Also 
the method can be further developed using resource constraints, and be tested through a heuristic procedure. The latter issues, however, were 
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only highlighted and not elaborated by Sung and Cho.  
(Yam, et al., 2000) 
Yam et al. studied the enhancement of the policy selection in MaM through benchmarking “to improve the overall effectiveness of the opera-
tions and maintenance of the plant”. They studied and analyzed good/best practices in order to adopt the best solution for improving the over-
all effectiveness of the operations and maintenance of a large-scale power plant. Particularly, they classified MaM approaches as planned (i.e. 
time based and condition-based maintenance) and unplanned (i.e. failure-driven maintenance). In this context, they have used mathematical 
models for analyzing “productivity and service level of maintenance activities in the plant”. The productivity level was measured using aver-
age equipment maintenance cost for five years (AEMC). AEMC is a weighted average of four variables, (1) total plant maintenance cost per 
year, minus (2) total pollution control cost per year, (3) total technical support cost per year, and (4) total cost for disaster and rehabilitation 
per year. The maintenance service level was measured using average equivalent forced outage rate for five years (AEFOR), average equiva-
lent availability for five years (AEA), and average forced outage maintenance rate for five years (AFOMR). AEFOR is a function of equiva-
lent forced outage rate, and service hour. AEA and AFOMR are a weighted average of the values for equivalent availability and forced outage 
maintenance rate, respectively. They have normalized benchmarking data and compared the benchmarked plant with 72 power plants. Thus 
the best performers were indicated “with the lowest equipment maintenance cost per MW [Megawatt] on productivity level and the highest 
maintenance service level”. 
(Duffuaa, et al., 2001) 
Duffuaa et al. developed a generic conceptual model for maintenance systems which consists seven modules as input specification, modeling 
maintenance load, planning and scheduling, material and spare parts supply, equipment availability, quality control, and finally performance 
measures. They specified that “such a conceptual model lays the ground for developing a realistic simulation model”. The maintenance load 
associated with the model is classified as planned/unplanned maintenance. 
 
(Dhillon, 2002) 
Dhillon discussed the use of statistical project control methods in maintenance management, e.g. Program/Project Evaluation and Review 
Technique (PERT) and Critical Path Method (CPM) (Dhillon, 2002). In this context, he introduced fifteen specific indexes for cost controlling 
(Dhillon, 2002). Kister declared that estimating and controlling maintenance costs necessitate the past and present data (Kister, 2008).  In this 
way the two areas of information are used to “estimate the cost, namely (1) the end use of the estimate and (2) the available information about 
the job” (Kister, 2008). He introduced a structure for using various estimation and project management techniques (e.g. CPM and PERT 
discussed earlier by Dhillon) for labor, material and overhead costs (Kister, 2008). In addition, the concept of BCM proposed by Kelly (dis-
cussed earlier) includes a loop model for MaM consisting of a module for workload-based budget forecast and maintenance policy control 
using KPIs (Kelly, 2006).  
Cf. (Salonen, et al., 2011) and (Rommens, 2012). 
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(Maillart, et al., 2002) 
Maillart and Pollock developed a probability based solution for 2-phase systems (new/worn) based on decomposition of “the expected cost per 
unit time into, first expected cost due to maintenance actions, and second the expected cost due to monitoring actions”. The goal is to mini-
mize expected cost-rate, and to find the associated optimal sequence of monitoring intervals. They confirmed that the decomposition supports 
“evaluating the policy trade-offs in many situations, including those with constrained or unconstrained monitoring resources, multiple or 
single systems, and fixed or non-fixed monitoring intervals”. 
(Grall, et al., 2002) 
Grall et al. proposed a predictive maintenance structure for a deteriorating single unit system with continuous time and state. In this structure, 
they have developed “a mathematical model for the maintained system cost using regenerative and semi-regenerative process theory”. The 
mathematical model assesses the performance of the proposed structure, especially replacement threshold and inspection schedule based on 
system state. They concluded that “expected maintenance cost rate on an infinite horizon can be minimized by a joint optimization of the 
replacement threshold and the periodic inspection times”. 
(Chen, et al., 2003) 
Chen and Jin proposed a general analytical framework of the preventive maintenance decision-making. They argued traditional preventive 
maintenance policies such as “age replacement, periodic replacement under minimal repair and replacement policy N [i.e. performs minimal 
repairs for the first N−1 failures and replaces the Nth failure]”. They developed the model for calculation of average cost and cost variation, 
and represented the long-run variance of cost. Specifically, they analyzed the effect of maintenance policies on planned cost. They defined 
long-run variance of the cost under a maintenance policy, as the limit of the weighted average of total deviation of  “cost spent at time unit t 
under [a] maintenance policy”, and “the long-run average cost per unit time under [the] policy”, when the time approaches to infinity. Then 
they have formulated and solved the problem of variability-sensitive optimization. They resolved the problem for the three preventive mainte-
nance policies (i.e. reinvestigation of age replacement, periodic replacement under minimal repair, and replacement policy N), and proposed 
general management concept for optimal policy selection. Using numerical examples for modeling the “average cost and cost variation for 
different replacement intervals”, they have illustrated the results by means of MATLAB®. The entire process supports cost-effective (i.e. 
optimal) selection of preventive maintenance policies, and avoids the risk of unexpected higher cost. In sum, “the greater the cost-variability-
sensitivity, […] the more conservative [choice] will be the optimal variability sensitive policy”. The method can be extended for condition-
based maintenance policy through consideration of other factors “such as inspection and the failure detection capability [within the] complex 
structure of the cost stream”. 
(Rhee, et al., 2003) 
Rhee and Ishii proposed a methodology, Life Cost-Based Failure Modes and Effects Analysis (FMEA), which measures risk in terms of cost. 
The method is useful “for comparing and selecting design alternatives that can reduce the overall life cycle cost of a particular system”. They 
employed Monte Carlo simulation and took into account the uncertainties, especially for optimal policy selection complex scenarios, for 
example, “detection time, fixing time, occurrence, delay time, down time”. They studied the model for a use-case of a large scale particle 
accelerator. Finally, they illustrated “the advantages of the proposed approach in predicting life cycle failure cost, measuring risk and planning 
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preventive, scheduled maintenance and ultimately improving uptime”. 
(Elegbede, et al., 2003) 
Elegbede et al. developed an algorithm, ECAY, which produces the lowest reliability cost for a given reliability target in a parallel-series 
system. They employed a cost function which represents the relation between reliability and the sum of the cost of a system’s components (i.e. 
accumulation of number of series subsystems, parallel components in a subsystem, and components in a subsystem). They compared the 
method with Levenberg–Marquardt (LM) algorithm, a numerical algorithm for minimizing a function, and proved the dominancy of their 
approach for reliability allocation through minimizing cost. 
(Dey, 2004) 
Dey developed a “risk-based decision support system which uses a [well-known method of] multiple attribute [criteria] decision-making 
techniques, Analytic Hierarchy Process (AHP)”. The system was designed to solve the cost optimization problem in the inspection and 
maintenance of oil pipelines. It can support managers for preventive maintenance policy making, especially when the optimized cost depends 
on proper selection of a specific inspection method, identification and prioritization of the segment for inspection and maintenance, allocated 
budget, labor cost, emergency maintenance, and insurance. 
Cf. (Labib, 2004). 
(Labib, 2004) 
Labib also proposed a hybrid approach of using rule based analytics and AHP for multiple criteria decision-making in the maintenance man-
agement system (Labib, 2004). The developed algorithm is used to improve life cycle profit and reduce the life cycle cost (Labib, 2004). He 
has reported the successful test of the algorithm in several automotive industries (Labib, 2004). In the context of maintenance, the AHP - 
(Saaty, 1980), (Saaty, 1983), (Vargas, 1990), (Saaty, 2009) - provides managers with a rational basis for decision-making, and support interac-
tion of the CMO within the policy selection process (Dey, 2004), (Labib, 2004). The general AHP is principally based on decomposition and 
analysis of criteria (e.g. high, medium, low values of downtime or frequency of downtime), comparative judgment, and synthesis of priorities 
(Dey, 2004), (Labib, 2004). In addition, the combination of the AHP and fuzzy rules provides “features of both fixed rules and flexible strate-
gies” in maintenance-related policy selection activities (Labib, 2004). For example, the managers might need to select an optimal (cost-
effective) strategy between “run to failure, upgrade operator skills, maintain on a fixed time basis, or design out the causes of failures” (Labib, 
2004). Thus the AHP can break down the problem (decision) based on the desired criteria, which are important for the production (e.g. down-
time), and asset management (e.g. frequency of downtime), prioritize and map the values, and finally derive alternatives. The fuzzy rules are 
in turn used for adapting “maintenance plans through the performance, in a consistent manner, of trade-off comparisons”, and ultimately in 
reasoning (Labib, 2004). The similar approach is also seen in the recent publication by Ierace and Cavalieri for prioritizing maintenance crite-
ria and preferences for selection of maintenance strategies (Ierace, et al., 2013). 
(Shum, et al., 2004) Shum and Gong extended the mathematical model of (Goyal, et al., 1985) by considering maintenance frequency, purchasing strategy, and 
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size of the maintenance workforce. They also added part cost and maintenance labor cost to the model of Goyal and Kusy. So the adopted 
model is a “non-linear mixed integer programming model”. It computes total cost through calculation of the following cost items within the 
planning time as (1) The machine maintenance cost of unit, (2) The replacement part purchasing cost of unit time, (3) The maintenance labor 
cost of unit time, (4) The cumulative operation cost of each machine, (5) The cumulative operation cost of the total machine, (6) The average 
holding cost of each replacement part, (7) The average holding cost of the total replacement parts, and (8) The purchasing cost of the total 
replacement parts. They employed genetic algorithm to find the optimum (minimum) of the total cost which is ultimately used to decide on 
maintenance frequency, purchasing quantity and basic maintenance cycle interval.  
(Haarman, et al., 2004) 
Haarman and Delahay proposed a model of Value Driven Maintenance (VDM). The model was invented based on the principles of TPM and 
RCM (Rausand, et al., 2003), (Wireman, 2004), (Haarman, et al., 2004).VDM was developed based on the premise that “value is the sum of 
all future free cash flows, discounted to today”. They stressed that “VDM provides answers by identifying the value potential of the four value 
drivers in maintenance and enabling you to manage by those drivers”. The four drivers are (1) asset utilization, (2) cost control, (3) resource 
allocation (i.e. to use the right technicians, spare parts, knowledge and contractors), and (4) laws and regulations concerning safety, health and 
environment (SHE). In this context, the present value of maintenance is calculated as the summation of future free cash flow in year t (cash 
flow) divided by the discount rate (1 + r). The cash flow is also calculated as the sum of all future free cash flows in year t corresponding to 
asset utilization, cost control, resource allocation, SHE, and multiplied by the SHE factor in year t (i.e. % of compliance with SHE regula-
tions). They claimed that VDM concept integrates principles of well-known maintenance methodologies and management models like TPM, 
RCM, risk-based maintenance, condition monitoring, overall equipment effectiveness, and asset based budgeting. Despite the advantages and 
broad usage of the methodology in CMMIS systems such as Maximo® (IBM® software for asset management), the focus of VDM is mainly 
on values as a function of cash flow and discount rate whereas balancing and optimizing maintenance cost and influencing on cost/benefit 
ratio.  
(Jardine, et al., 2005) 
Jardine and Tsang studied several maintenance control and mathematical models. They concluded that using a mathematical model is required 
“to determine the optimal frequency of overhauling a piece of (production) plant by balancing the input (maintenance cost) of the maintenance 
policy against its output (reduction in downtime)”. They developed a visualization model which uses the principles of Hahn and Laßmann 
(1993). However, it is customized by defining the cost of maintenance policy (e.g. frequency of overhauls) and cost of time lost due to break-
downs instead of planned and unplanned cost. 
(Yao, et al., 2005) 
Yao et al. designed a “joint preventive maintenance and production policy for an unreliable production-inventory system in which mainte-
nance/repair times are non-negligible and stochastic”. In this frame, the decision on whether performing preventive maintenance or not, and 
related effects on production are examined using several influential factors. Particularly cost factors are considered such as one time set-up 
cost for performing corrective maintenance, one time set-up cost for performing preventive maintenance, and unit inventory holding cost, and 
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unit backlog penalty cost per period. Considering the random and stochastic nature of the parameters, the Markov decision process is used for 
formulating the problem. 
(Selman, et al., 2005) 
Selman and Schneider studied the impact of life cycle cost management on portfolio management (mainly financial assets like cash). They 
used a simple, cost model for calculation of the life cycle cost, which is represented as a summation of: the initial construction cost + opera-
tional maintenance requirements (over maximum lifetime) + preventive and recurring maintenance (over maximum lifetime) + recapitaliza-
tion costs (over maximum lifetime) ± final disposal/salvage + deferred (postponed) maintenance. The empirical studies have highlighted the 
importance of integrated asset management. They also demonstrated that “life cycle operation and maintenance, and recapitalization costs are 
surprisingly higher than construction costs” of physical infrastructures. 
(Rishel, et al., 2006) 
 
(Ahlmann, 1984) 
Rishel and Canel developed a financial maintenance contribution to the conceptual DuPont model for analyzing significant impact of mainte-
nance on the firm’s profitability. The DuPont model was established by (Ahlmann, 1984) to study and determine “the impact of [a] mainte-
nance function on ROC [Return on Capital]”. Rishel and Canel used numerical experiments to measure effectiveness of maintenance activi-
ties. They revealed that “variations in maintenance policies can impact on capital and profitability of a business, especially a company can 
increase its production and revenue through higher level of availability”. In the end, they recommended reducing maintenance cost, when 
capacities are restricted, through reducing disruptions to the production process. 
(Lehtonen, 2006) 
Lehtonen introduced a method for “optimal condition monitoring and maintenance strategies for both component and system levels” in the 
power systems. The method is based on “the statistical analysis of component’s condition data and probabilistic optimization of the overall 
cost function” using Markov decision models. 
(Wang, et al., 2006) 
Wang and Pham studied “availability measures, maintenance cost modeling and optimal maintenance policies of series systems whose com-
ponents are subject to imperfect repair as well as correlated failure and repair”. They have modeled the maintenance costs based on a proposi-
tion that no more than one failure occurs at the same time. The first model computes cost per unit of time for each component and the second 
calculates repair cost in a lump sum. The former is based on a premise that cost is calculated per unit of downtime for each component. It is 
composed of “loss cost per unit of the system and all components down time because the system is not available, and the repair cost per unit 
of time for each component”. The latter is developed based on the distinction of cost into the cost of perfect repair and service interruptions 
“regardless of the time to complete repair”, and imperfect ones for each failure. They have also extended the model to optimize availability 
and minimize maintenance cost rate (i.e. differential minimization), based on identification of number of repairs for each component with its 
period of service. 
(Kelly, 2006) Cf. (Dhillon, 2002). 
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(Vasiu, et al., 2007) 
 
(Nakagawa, 1979) 
Vasiu and Stoica presented a mathematical model of preventive maintenance, which “takes into account several stochastic factors that influ-
ence the failure rate and working life of an entity”. They assumed that “preventive maintenance is done through imperfections: it is not re-
duced only the proper operation, but the failure probability as well as much as the number of maintenance works is increased”. They em-
ployed the model of (Nakagawa, 1979) for calculation of the average cost of an entity, and used the Weibull distribution of the failure rate. 
The model incorporates corrective maintenance cost; preventive maintenance cost, and overhaul's cost (entity replacement) to calculate an 
average cost of the entity. 
(Hagmark, et al., 2007) 
Hagmark and Virtanen demonstrated a probabilistic approach for simulating and calculating reliability, performance, and maintenance cost of 
a product (system, function, equipment, mechanism, part, etc.), as a step in product requirement analysis prior to design. The model uses the 
stochastic failure logic and semi-Markov-like processes. They considered cost factors such as cost of availability, total maintenance costs 
caused by failures or scheduled procedures, and maintenance resource costs. The model does not explicitly provide a cost function, but con-
siders the maintenance cost as a design factor. So the cost is calculated as a consequence of the failure and reliability analysis.   
(Nilsson, et al., 2007) 
Nilsson and Bertling presented a life cycle cost model and extracted improvement potentials for planning, maintenance activities for a use-
case of wind turbine. The model consists of three discrete cost factors for (1) preventive maintenance: cost of a condition monitoring system 
plus scheduled maintenance, (2) corrective maintenance: cost of unscheduled service plus the cost for replacing major components, and (3) 
production loss. They analyzed six predefined strategies for optimizing the total maintenance cost and analyzing life cycle cost, and success-
fully tested the propositions in the two selected use-case scenarios in wind power systems. 
(Dersin, et al., 2008) 
Dersin et al. provided a guideline for reaching availability targets at the lowest life cycle cost. Employing Markov modeling, they assumed 
constant failure rate and perfect maintenance. In addition, they considered the maintenance-related aging. In this context, they used the model 
of (Kijima, 1989) for imperfect maintenance. “In order to contemplate the non-constant failure rate case, as well as the deterministic aspect of 
scheduled maintenance inspections, simulations are then run with Petri nets. Imperfect maintenance models are also considered so that the 
impact of maintenance-related aging can be taken into account”. In this research relative factors are considered such as: unit costs of invest-
ment, corrective and preventive maintenance, and sensitivity analyses of system availability with respect to failure rate, test coverage rate as 
well as percentage of perfect maintenance. The distinction of perfect/imperfect maintenance is based on special indicators such as mean time 
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to system failure, and the cost of failure, corrective maintenance and inspection. Finally the model provides simple, cost models based on the 
four predefined maintenance strategies, i.e. (1) wait until system down, (2) constant monitoring and (deferred) corrective maintenance, (3) 
purely preventive maintenance, and (4) combination of corrective and preventive maintenance. 
(Zhou, et al., 2008)53 
Zhou and Zhu discussed the integration of Statistical Process Control (SPC) and MaM consisting monitoring and control modules for planned, 
reactive and compensatory maintenance. They reinforced the integrated model of (Linderman, et al., 2005) which incorporates control charts 
for process control and maintenance. The control chart is used “to monitor the equipment and to provide signals that indicate equipment dete-
rioration, while planned maintenance is scheduled at regular intervals to preempt equipment failure”. The integrated model has two states of 
in-control and out-of-control. The out-of-control state results on reactive maintenance, which raises unplanned costs. Therefore a Process 
Failure Mechanism was employing a Weibull distribution to analyze the economic behavior of the integrated model. Using the cost model of 
(Alexander, et al., 1995), they investigated “an optimal design for determining the four policy variables”, and then employed grid-search 
approach (also called as Hyperparameter optimization) to find the optimal values of maintenance policy particularly to minimize the hourly 
cost. The optimal values are, therefore, the interval between sampling, the number of samples taken before planned maintenance, sample size, 
and width of control limit in units of standard deviation. The model of (Alexander, et al., 1995) added details to Duncan's cost model (Duncan, 
1956) with Taguchi's loss function (Taguchi, et al., 1989). Duncan applied “a penalty cost for operating out of control, but he [did] not show 
how this cost can be obtained or quantified” (Alexander, et al., 1995). Hence the embellished model of (Alexander, et al., 1995) incorporated 
“losses that result from both inherent variability due to assignable causes” (Alexander, et al., 1995). 
(Huang, et al., 2008) 
Huang and Fang analyzed warranty policy for products with deterioration. They incorporated and adopted the cost model of (Jayabalan, et al., 
1992), and proposed a Bayesian decision model, especially for maximizing expected profit within the period of a preventive maintenance 
program. The model incorporates maintenance cost factors such as average repair cost for each repair, the cost of performing preventive 
maintenance activity, and annual increasing rate of maintenance activities. 
(Kister, 2008) Cf. (Dhillon, 2002). 
                                                          
 
 
 
 
53
 Extension of (Linderman, et al., 2005) which is also based on: (Alexander, et al., 1995). The latter work was merging the work of : (Duncan, 1956) 
and  (Taguchi, et al., 1989). 
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(Frenkel, et al., 2009) 
Frenkel et al. studied corrective maintenance and associated reliability’s cost (i.e. income reward from system using, system operating cost in 
its lifetime, repair cost, penalty cost) for aging multi-state systems, “based on the Markov reward model for a non-homogeneous Poisson 
process”. The reward method leads to “find the best maintenance contract level that provides a maximum of reliability associated costs during 
[the] system lifetime”. 
(Liu, et al., 2010) 
Liu and Huang extended the study of 2-state systems (e.g. Maillart and Pollock) to multi-state systems consisting of binary state elements. 
They have established a “cost-maintenance quality relationship which considers the age reduction factor as a function in terms of mainte-
nance” for applying selective maintenance (i.e. selection of the optimal strategy with desired quality). The total cost was modeled as a func-
tion of preventive and corrective maintenance cost. They employed a genetic algorithm for optimizing problem including both multi-state 
systems, and imperfect maintenance models. The proposed method is tested with a use-case of a power station coal transportation system. 
They made a comparative analysis which confirms the dominance of incorporating imperfect maintenance quality of (Kijima, et al., 1988) and 
(Kijima, 1989) into selective maintenance. 
(Chen, 2010) 
Chen established a model for “minimizing the maintenance/breakdown cost per unit of time”. The model is designed based on the premise 
that the full consideration of all maintenance information is a requirement to minimize the cost. Therefore, it uses “the equipment’s technolog-
ical status, the equipment system running time, big and small maintenance constraints, maintenance time and maintenance/breakdown cost 
under various maintenance modes”. The model includes an optimal synchronization decision tree of a correlation maintenance task, particular-
ly to manage maintenance-related decisions of “components in a subsystem that are running a serious deterioration”. In this context, condition 
monitoring data provide information regarding the maintenance status of the components and accordingly the deteriorating components will 
be detected. The maintenance time is statistically calculated. The residual life of the components is calculated using Weibull distribution. 
Afterwards the decision tree provides all possible alternatives based on maintenance schemes (i.e. combination of maintenance of the deterio-
rating components), time and cost. At last, the minimum expected maintenance/breakdown cost per unit of time will be selected. The cost 
model is a function of (1) risk factor: probability of a random breakdown situation, (2) cost: “expected sum of maintenance and breakdown 
cost when a random breakdown situation happens under each alternative”, and (3) time: cumulative time from the last shutdown maintenance 
to the completion of this maintenance decision. 
(Chea, 2011) 
 
(Destri, et al., 2012) 
Chea discussed the application of Activity-Based Costing (ABC) - (Thyssen, et al., 2006), (Gunasekaran, et al., 1998) , (Cooper, et al., 1991) - 
in service sectors (Chea, 2011). ABC is basically initiated to support manufacturing sector, especially decision-makers and managers, for 
solving the problem of traditional cost management systems for identifying the true costs of processes (Cooper, et al., 1991). ABC takes into 
account direct and indirect cost allocation and activity cost drivers (e.g. cost of set-up) (Chea, 2011). Chea described ABC’s capabilities to be 
applied in non-manufacturing sectors and emphasized that its principles are potentially customizable in the service sector (Chea, 2011). He 
further discussed the integration of ABC and economic value added (EVA) (Chea, 2011). He determined that integration of both concepts can 
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lead to compensate the lack of ABC that partially reflects to capital cost (Chea, 2011). Destri et al. elaborated the integration and emphasized 
on the integration of process-based costing (PBC) and EVA (Destri, et al., 2012). The proposed concept of PBC-EVA is, in fact, an integrated 
team concept for improving financial performance measures (Destri, et al., 2012).  
(Salonen, et al., 2011) 
In practice, there are several examples of applying or developing maintenance cost indexes (i.e. KPIs). Salonen and Deleryd studied “well-
known measures from the area of quality development”, and proposed a financial measure for maintenance. The measure is used to find out 
“which parts of the maintenance costs are justified and which costs relate to poorly performed maintenance”. They argued that the measure 
provides “a more balanced view of the financial contribution of maintenance activities may be achieved, even at board level of the company”. 
(Dandotiya, et al., 2012) 
Dandotiya and Lundberg proposed a decision model considering variations in process and maintenance parameters for improving cost-
effective maintenance decision in the use-case of mill liners. Their aim was to consider the variations in process parameters and maintenance 
time and cost. They combined the lifetime model and a replacement interval model “to determine the optimum replacement interval for the 
mill liners which considers process parameters of multiple ore types”. They applied experiments in cooperation with industrial experts and 
used weighting approach and simulation to evaluate the proposed model. Finally, they declared that “the finding of the combined model re-
sults leads to a significant improvement in mill profit”. 
(Almgren, et al., 2012) 
Almgren et al. presented a mathematical model for “finding optimal opportunistic maintenance schedules [i.e. periodic maintenance] for 
systems [e.g. Aircraft Engine], in which components are assigned maximum replacement intervals”. The model supports solving optimization 
problems to “find a replacement schedule that minimizes the total maintenance costs over the planning period”. In this way, they used the 
mathematical modeling of cost associated items for a single module and system of several modules. The former refers to “costs related to 
spare parts and maintenance occasions only”. The latter represents “costs related also to (dis)assembly and repair work”. 
(van Horenbeek, et al., 2012) 
Van Horenbeek et al. employed a prognostic maintenance policy considering the interdependencies between components and systems for an 
offshore wind turbine farm. In this context, there are several reasons for grouping maintenance actions such as “difficulty to reach the offshore 
wind turbines, the specialized equipment necessary and dependence on external factors like weather conditions”. Therefore, they developed a 
mathematical model for optimizing the maintenance cost by ensuring high availability. The model groups maintenance activities in a multi-
component and multi-system environment. The grouping maintenance cost is calculated for a grouping structure which includes groups of 
maintenance actions. For each group the maintenance cost is calculated based on the saving of each group plus “additional cost of shifting a 
maintenance activity from the individual optimal time to the optimal group maintenance time”. Thus the prognostic model incorporates   “both 
the advantages of grouping maintenance activities and incorporating degradation information in the form of remaining useful life of compo-
nents”, and provides opportunities for minimization of costs and maximization of profits. 
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(Shafiei-Monfared, et al., 
2012) 
Shafiei-Monfared and Jenab proposed a “fuzzy graph-based model to measure the relative complexity” of maintenance projects. The model 
considers both technical and managerial complexities and uses “an aggregation operator to mitigate the conflict of experts’ opinion on a com-
plexity, relation”. The model can relatively identify the complexity of the projects in a scaled Cartesian diagram which can support decision-
makers in policy selection, particularly for estimating and allocation of resources. The proposed model does not include any cost function, but 
it “may improve budget and resource allocation” of maintenance projects. 
(Tinga, et al., 2012) 
Tinga and Janssen studied the effects of usage variations on the optimal maintenance intervals. The aim was to optimize the maintenance 
process, and in turn to minimize total cost. They defined a cost function by classification of cost attributes to the preventive and corrective 
cost per activity, cost per period, and fix cost. The assumption was made to calculate the preventive cost as a fraction of the corrective cost. In 
addition, they defined number of corrective, preventive and intermediate maintenance periods as variables. Using different ratios between 
corrective and preventive maintenance costs, the total maintenance cost for various numbers of intervals was calculated and simulated through 
employing a stochastic process (i.e Markov process). The results revealed that the total maintenance cost is increased for any chosen interval 
when the fraction is higher (i.e. cost of preventive maintenance is increased). The optimal value for any chosen number of intervals is in turn 
achieved in the intersection (meeting point) of all curves, which corresponds to the lowest total cost. For the values lower than the optimal 
point “preventive maintenance is so cost-effective that a policy with many short intervals is preferable”. For higher values than the optimal 
“the higher costs of preventive actions make it more attractive to wait until the subsystems fail, which yields a policy with long intervals to be 
the most attractive”. They concluded that “[…] a remarkable transition exists from preventive to corrective maintenance at some ratio between 
corrective and preventive maintenance costs. This transition is not gradual (steadily decreasing values of [number of intervals]), but very 
abrupt”. In this study the fundaments of the concept of (Hahn, et al., 1993)were considered, especially the definition of a number of mainte-
nance activities and associated costs.  
(Rommens, 2012) 
Rommens studied maintenance cost in a cement plant and empirically developed a tool for estimating the right level of maintenance cost. He 
gathered data from “a large number of plants in the company and considered all influential factors such as plant specifics and environment”. 
Finally, he created a maintenance cost index (i.e. KPI), which represents a division of maintenance cost of one plant by the reference level of 
maintenance cost of the plant. Within the study of the cement manufacturing company, they standardized the index, as a management tool, 
after twenty years of existence. 
(Ierace, et al., 2013) Cf. (Labib, 2004). 
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7.2 List of the Surveyed CMMIS Software Packages 
 
Table 25 presents additional information corresponding to the analysis of CMMIS software packages (cf. Section 3.2 – Table 20).   
 
Table 25.List of the surveyed CMMIS software 
 
Name of CMMIS package Developer Link / Date of last visit 
 
Advanced Maintenance Man-
agement System (AMMS) 
MicroWest Software Systems  
USA 
www.microwestsoftware.com/products/amms.stm  
Last visit: 16.11.2013 
MP-Software Tecnica Aplicada Internacional 
Mexico 
www.mpsoftware.com.mx  
Last visit: 16.11.2013 
BENCHMATE Benchmate Systems 
USA 
www.benchmate.com 
Last visit: 16.11.2013 
 
Computerized Maintenance 
Management System PROAC-
TIVE (CMMS PRO) 
NAGSOFT Solutions 
India 
www.cmmspro.com 
Last visit:16.11.2013 
Ivara Asset Performance Man-
agement 
Ivara 
Canada 
www.ivara.com 
Last visit:16.11.2013 
 
IBM-Maximo® 54 IBM® 
(Earlier offered by MRO) 
www-03.ibm.com/software/products/en/maximoassetmanagement/ 
Last visit:16.11.2013 
 
                                                          
 
 
 
 
54IBM-Maximo® is comprehensive asset life cycle and maintenance management. This is a product of IBM® for enterprise asset management (EAM).  
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Name of CMMIS package Developer Link / Date of last visit 
 
SAP® Enterprise Asset Man-
agement  
SAP® www.sap.com/solutions/bp/enterprise-asset-management/solutions-
overview.epx 
Last visit:16.11.2013 
 
Oracle® Enterprise Asset 
Management (eAM) 
Oracle® www.oracle.com/us/products/applications/060286.html 
Last visit:16.11.2013 
 
MaintiMizer™ Aschom Technologies 
USA 
www.ashcomtech.com 
Last visit:16.11.2013 
 
CHAMPS CMMS CHAMPS Software 
USA 
www.champscmms.com 
Last visit:16.11.2013 
 
Infor Enterprise Asset Man-
agement (Infor-EAM) 
Infor 
USA 
www.infor.com/solutions/eam 
Last visit:16.11.2013 
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